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Preface 


Leonardo da Vinci’s main concern in his work as an engineer and inven- 
tor was with friction and its effect during movement of his simple me- 
chanical designs. Friction continued to dominate studies of mechanical 
systems for the next three centuries. Wear of materials became an impor- 
tant subject in the mid-20th century. It was Peter Jost’s report in 1966 that 
gave a big boost to the subject of tribology (a name coined by Jost). It 
transformed the discipline from a study of mere friction to the study of 
friction and wear of industrial equipment and machinery. The effects of 
wear bleed billions of dollars each year from the industrial economy. 

In the United States alone, industries annually lose $200 billion due to 
wear and $300 billion due to corrosion. Surface engineering has played a 
key role in reducing colossal tribological losses. Since the 1970s, tremen- 
dous progress has been made in both triboscience and surface engineering 
to provide innovative solutions for reducing wear loss in advanced equip- 
ment and machinery that operate in hostile environments. 

I took the assignment, in the late 1970s, to set up an advanced wear- 
control research center in India. This center was established for a large 
multinational company, which had a worldwide network providing wear- 
protection solutions using surface engineering; there was an urgent need 
for research and development to cater to the fast-growing market needs in 
India. Life-cycle extension of wear-prone components, beyond the origi- 
nal design life in the given wear (application) environment, by innovative 
surface-engineering solutions was the primary objective of research at the 
center. Wear surfacing at the original equipment manufacturing stage led 
to life-cycle extension of the new component, while repeated resurfacing 
during maintenance and repair stages extended the life span by several 
fold. The extended life cycle of vital equipment led to increased productiv- 
ity and reduced the need to buy new equipment/components. This resulted 
in savings of billions of dollars for major industries and conservation of 
nonrenewable mineral resources by billions in tons of metallic resources. 

The emphasis was on wear reduction, leading to life-cycle improvement 
and a consequential gain in conserving natural resources. All of these areas 
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are extensively covered in my first book, Surface Wear: Analysis, Treat- 
ment, and Prevention (ASM International, 2001). My second book, Ad- 
vanced Thermally Assisted Surface Engineering Processes (Springer, 
2004), deals with advanced surface-engineering processes based on inno- 
vative heat sources, such as laser, plasma, ion, solar beam, arc, and spark, 
to minimize wear and extend component life cycles. 

The documentary film An Inconvenient Truth (2006), featuring former 
U.S. Vice President Al Gore, increased awareness of the process of global 
warming and its alarming effects on climate change. The Kyoto Protocol 
to the United Nations Framework Convention on Climate Change made it 
mandatory for industries in 132 signatory nations to reduce greenhouse 
gas emissions; nonsignatory countries such as the United States opted to 
make voluntary reductions. Burning fossil fuel to generate power is the 
main source of anthropogenic greenhouse gases. To cater to the needs of a 
growing population, industries must grow and more energy is needed. In 
turn, this leads to emission of more anthropogenic greenhouse gas. Efforts 
to reduce emissions and to slow the pace of global warming have focused 
primarily on the development of alternative sources of energy. 

All of these aspects are discussed in detail in the book Origin, Signifi- 
cance and Management of Global Warming (Global Vision Publishing 
House, India, 2012) that I co-authored with my wife, Mandira (a Ph.D. and 
professor of geography). 

An alternative technoecologically viable option for reducing green- 
house gas emissions is to make industries more energy efficient by mini- 
mizing energy losses due to tribological interactions. Green-engineering 
processes, such as green tribology and green surface engineering, enable 
efficient conversion of energy from one form to another. Green technolo- 
gies provide enormous opportunities for limiting global warming within a 
safe temperature zone and for conserving natural resources. 

The emphasis in green tribology and surface engineering is improvement 
in energy efficiency by reducing energy losses due to wear and friction. 
Green surface engineering protects the surface against wear and reduces 
friction. Green tribology and surface engineering extend the life span of 
critical components in severe wear environments. This leads to improve- 
ment in process efficiency, enables component operation in extreme con- 
ditions to further increase efficiency, and decreases the carbon footprint of 
the components. I have attempted to cover all of these areas in this book, 
with a view to minimizing global warming. 

This book is designed to help industries reduce financial loss due to 
wear and friction and improve productivity and energy efficiency by pro- 
ducing green products with a low carbon footprint. The major emitting 
industries, such as power plants, transportation, steel, cement, paper and 
pulp, and machine tool industries, can benefit most by improving energy 
efficiency. Industries paying for emission in excess of the specified limits 
should plan to become carbon neutral. This book should be of special in- 


terest to manufacturers and suppliers of surface-engineering consumables 
and equipment; wear-control service centers, including job shops and 
maintenance and growth shops attached to industries; and corporate (in- 
volved in corporate social responsibility). This book can provide valuable 
guidance to researchers engaged in new green technologies, both in aca- 
demic institutes and research centers. 

I gratefully acknowledge the help and support that I have received from 
various sources. Further, I wish to thank various authors and publishers for 
permitting the use of their data and diagrams in this book. 

My thanks to Scott Henry (ASM International) in getting the book pro- 
posal approved. In addition to editing, Karen Marken (ASM International) 
has helped and guided me in the whole process of completing the manu- 
script in the shortest possible time. It would not have been possible to 
publish this book without her complete involvement in the project. A spe- 
cial thanks to Karen and the ASM International staff including Kate Forna- 
del and Liz Marquard. 

I am grateful to Professor Joaquin Lira-Olivares, Director of the Surface 
Engineering Center at Simón Boliver University in Caracas, Venezuela, 
for his support in all my earlier projects, including the current one. Thanks 
are also extended to John Dey for valuable support. 

My family has been very supportive during this project. My younger 
son, Raunak, is an active and enthusiastic supporter of my writing and 
buys the first copy of each new book. Robin, my daughter in law, has 
helped me in using library facilities. My elder son, Romik, and grandsons, 
Ryan and Ronan, are happy to see me writing. Thanks to all of them for 
their support. Finally, I would like to thank my wife, Mandira, who has 
given her full support to my book-writing activities. I have spent many 
long hours engaged in research and writing, and I would not have been 
able to do it without her support. 


R. Chattopadhyay 
January 2014 
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Introduction 


The absorption of infrared (heat) from solar beams by carbon dioxide 
and other greenhouse gases results in warming of the Earth’s atmosphere. 
Carbon dioxide can stay in the atmosphere for 100 years and thus has a 
high global-warming potential. Anthropogenic (man-made) emissions due 
to growing industrial activities have resulted in the progressive increase in 
carbon dioxide. Industries using fossil fuels, such as the power-generation 
and transport sectors, are major direct emitters of greenhouse gases, mainly 
carbon dioxide. Other industries using power generated by fossil fuels are 
indirectly responsible for greenhouse gas emission. Improvements in en- 
ergy efficiency in all sectors can substantially reduce greenhouse gas 
emissions. 

Green engineering is about overall improvement in energy to negate 
global warming. Green tribology and surface engineering of materials have 
become key subjects to improve energy efficiencies in whole spectrums 
of industries. The loss of material and energy due to wear and friction oc- 
curs at the interacting surfaces in equipment and machinery. Surface- 
engineering techniques have been used to reduce material and energy 
losses and thus improve energy efficiency. 

Recognition of the importance of green or eco-friendly tribology in ne- 
gating global warming and therefore the possibilities of savings from 
major changes in ecological balance, climate, environment, and biomes 
has led to a paradigm shift in current tribological research toward green 
areas. 

Tribology is the science of wear, friction, and lubrication of interacting 
surfaces in relative motion. Wear and friction result in material and heat 
loss from the interacting surfaces, thus reducing the efficiency of energy- 
transformation processes. Green tribological studies on wear, friction, and 
lubrication aim at improving energy efficiency by reducing wear and fric- 
tional losses. The wear coefficients of materials in different wear modes 
vary over a wide range. Appropriate selection of materials can lead to re- 
duction in loss due to wear. Similarly, the coefficient of friction values 
vary widely in similar and dissimilar material pairs, thus providing the 
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opportunity to control frictional heat loss. In bearing applications, selec- 
tion of polymeric materials within limiting pressure x velocity ratios re- 
sults in minimizing energy loss due to frictional heat generation. Wear of 
ceramic materials is inversely proportional to fracture toughness (K,,) and 
remains constant over a range of temperatures before a sudden drop at 
higher temperatures leads to brittle failure. Ceramics for high-temperature 
applications can be selected according to the temperature range for con- 
stant K,, values. 

Wear is not an intrinsic property of the material, and it occurs at the 
working surface. It is therefore possible to control wear by engineering the 
surface properties of the solid. The major goal of green surface engineer- 
ing is to improve energy efficiency by reducing wear and friction loss 
through modification of surface properties. The surface-modification pro- 
cesses include peening, electroplating, electroless coating, and thermal 
processing. The four major thermal processes are diffusion of elements 
(interstitials such as carbon, nitrogen, and boron, and substitutionals such 
as chromium and aluminum), vapor-phase deposition (physical vapor de- 
position and chemical vapor deposition), weld overlay (manual metal arc 
welding, submerged arc welding, laser, plasma-transferred arc, and spark 
deposition), and thermal spraying (high-velocity oxyfuel, plasma, and 
cold spray). The coating process is selected on the basis of application 
requirement. 

Reduction in material and energy losses can lead to a substantial in- 
crease in working life. Life-cycle assessment in wear processes (abrasion, 
adhesion, and erosion), fatigue, creep, and fatigue crack propagation with 
stress intensity (fracture toughness) has been found useful to assess and 
monitor improvement in the working life of engineering components. 
Life-cycle improvement of equipment also leads to conservation of 
material. 

It is necessary to find a wear-protection system based on the application 
requirements. Application-based tribological studies on engineered sur- 
faces in major emitting industries (energy, transport, mining, cement, 
steel, and paper and pulp) have enabled improved energy efficiency by 
substantial reduction of wear and frictional losses in these sectors. The 
amount of energy savings in major applications by green tribological and 
surface-engineering practices can result in a corresponding reduction of 
greenhouse gas emission of more than 10% of the current global emission 
figure. Reduction in anthropogenic greenhouse gas emission by 10% or 
more will have a significant effect on global warming. 
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Introduction to 
Global Warming 


THE PRESENCE OF INCREASING QUANTITIES of anthropogenic 
(man-made) greenhouse gases in the atmosphere has been found to be 
responsible for average atmospheric global temperature rise, a phenome- 
non known as global warming (Ref 1.1). Global warming requires early 
remedies in order to avoid a drastic change in the climate and the accom- 
panying damaging results. The Fourth Assessment Report (2007) of the 
United Nations Intergovernmental Panel on Climate Change (IPCC) (Ref 
1.2) warns that serious effects of warming have become evident. The 
Kyoto Protocol, an international treaty that assigns obligations to industri- 
alized countries to reduce greenhouse gas emissions, recommends the 
“enhancement of energy efficiency in relevant sectors of the national 
economy” to negate global warming (Ref 1.3). Green engineering efforts 
to tackle the global warming problem are of recent origin and include tri- 
boscience and related surface engineering. These efforts play a significant 
role in improving the energy efficiency of industrial processes and help in 
reducing the rate of average temperature increase across the globe. 

The Earth’s atmosphere (Greek atmos, or vapor, plus sphaira, or sphere) 
consists of a mixture of gases. The major constituents (99%) are a me- 
chanical mixture of nitrogen and oxygen. They have little effect on the 
atmospheric temperature, weather, and climate. The presence of variable 
quantities, in parts per million level of carbon dioxide, has a significant 
role in determining the atmospheric temperature. 

Absorption of the infrared portion (heat) of the solar beam by carbon 
dioxide is the main source of heating the Earth’s atmosphere. Carbon di- 
oxide can remain in the atmosphere for 100 years, thus increasing the 
global heating potential over a long period. Nature has perfected the sys- 
tem of retaining the residual quantities of carbon dioxide in the atmo- 
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sphere. This is done by dynamic cycling through other spheres, such as 
the biosphere, geosphere, and hydrosphere, thus providing optimum tem- 
peratures for sustaining life on Earth (Ref 1.1). 

However, excessive emissions by industries in the man-made sphere, 
that is, the anthrosphere, have resulted in the loss of the dynamic balance, 
causing a dramatic increase of carbon dioxide in the atmosphere. Charles 
David Keeling, “father of global warming,” studied this fact for decades 
(Ref 1.4). 

Industries using fossil fuels, such as the power-generation and transport 
sectors, are major direct emitters of greenhouse gases, mainly carbon di- 
oxide. Other industries using power generated by fossil fuels are indi- 
rectly responsible for greenhouse gas emission. The energy consumption 
figures are directly related to the quantities of greenhouse gas emission. 
Energy efficiency and conservation of energy and material in industries 
are key instruments to reduce greenhouse gas (GHG) emissions. Green or 
eco-friendly technology plays a significant role in improving energy effi- 
ciency and conservation of resources. 

A review of the Earth’s atmosphere and how it is affected by carbon 
dioxide (CO,) is discussed in this chapter. The potential of global warm- 
ing and its effects on climate change are also reviewed. The chapter con- 
cludes with an introduction to green technologies. 


The Earth’s Atmosphere 


The atmosphere is one of the four spheres, the other three being the 
hydrosphere, biosphere, and geosphere. Unlike the atmosphere in other 
planets, the presence of free oxygen, water vapor, and carbon dioxide 
make the Earth’s atmosphere a unique entity for the existence and survival 
of life on the planet. 

The five atmospheric layers—troposphere, stratosphere, mesosphere, 
thermosphere, and exosphere (Fig. 1.1)—are classified by temperature 
and pressure. The ozone layer in the stratosphere filters out harmful ultra- 
violet rays from the solar beam before it reaches the troposphere, the layer 
closest to the Earth’s surface (Ref 1.5). 

The pressure drops uniformly across the layers from bottom to topmost 
layer. The atmosphere is most dense near the surface and thins out with 
height until it eventually merges with space (Fig. 1.2). The atmospheric 
temperature varies from one zone to another and also in each zone 
(Fig. 1.3). Each layer has its well-defined function, leading to the lowest 
layer just above the Earth’s surface (the troposphere), with optimum con- 
ditions for survival and growth of man, animal, plants and all other living 
beings. The weather and climate are directly related to the conditions in 
the troposphere. 

The troposphere is the layer of atmosphere under which we live; it con- 
tains 80% of the total mass of the atmosphere. The word troposphere 
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Fig. 1.1 Atmospheric layers above the Earth. Adapted from Ref 1.5 
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Fig. 1.2 Variation in pressure and density in different atmospheric layers. 
Source: Ref 1.1 


means mixing, reflecting the fact that turbulent mixing plays an important 
role in the structure and behavior of the troposphere. Weather occurs in 
this layer. The thickness of the troposphere layer varies at different lati- 
tudes and with changing weather conditions. The thickness of the tropo- 
sphere beginning at the Earth’s surface can vary between shallow layers of 
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7 km (4 miles) at the poles in summer and deeper layers of up to 20 km 
(12 miles) at the equator. 

The two types of gases present in the atmosphere are termed fixed and 
variable components. The fixed components (Table 1.1) consist mainly of 
nitrogen and oxygen, together amounting to almost 99%, but play no role 
in the weather. 

The variable components, constituting less than 1% of atmospheric 
gases, have a greater influence on both short-term weather and long-term 
climate. The minor gases, such as water vapor, carbon dioxide (CO.), 
methane (CH,OH), nitrous oxide (N.,O), and sulfur dioxide (SO,), absorb 
the infrared heat emitted by solar beams, thus warming the atmosphere. 
The variation in water vapor in the atmosphere changes the relative 
humidity. 

These gases can remain in the atmosphere for a long period (100 years 
or more), creating what is known as the greenhouse effect. These gases are 
known as greenhouse gases (Table 1.2). 
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Fig. 1.3 Variation in temperature in different atmospheric layers. Source: 
Ref 1.1 


Table 1.1 Constant components of atmosphere 


Gases Percentage, vol% 
Nitrogen 78.1 
Oxygen 21.0 

Argon 0.897 
Neon bal 
Helium bal 
Krypton bal 
Xenon bal 


Note: Proportions remain constant over time and location. Source: Ref 1.1 
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Table 1.2 Variable components of atmosphere 


Gases Percentage, vol% 
Carbon dioxide 0.038 
Water vapor 0.40 
Methane 0.00017 
Ozone 0.00006 
Sulfur dioxide Trace 
Nitrogen oxides Trace 


Note: Amounts vary with time and location. Source: Ref 1.1 


Without the presence of an optimum quantity of CO, provided by na- 
ture, the atmospheric temperature would be too low to survive. Atmo- 
spheric greenhouse gas, CO., sustains plant life by forming carbohydrates 
through photosynthesis. Man-made emissions lead to the accumulation of 
carbon dioxide that cannot be absorbed by the natural carbon cycle. 

Solar Beams and Atmospheric Temperature. Solar beams transfer 
thermal energy or heat in the form of electromagnetic waves through con- 
duction, convection, and radiation. Major heat transfer occurs by radiation 
and the absorption of infrared radiation by the greenhouse gases. In ideal 
conditions, a substance absorbs all the energy impinging on it from the 
solar beam and becomes a “black body.” The black body becomes a radia- 
tion source, where incoming radiation balances the outgoing. The solar 
beam provides a broad range of energy, primarily concentrated around the 
visible and infrared regions. At approximately 0.28 jim wavelength (the 
ultraviolet region of the solar spectrum), the heat energy is less than 
100 W/m?. At infrared radiation of approximately 0.7 pm, the heat energy 
is over 2000 W/m? (Ref 1.1). The Earth and other planets are not perfect 
black bodies, because they do not absorb all the incoming solar radiation 
but reflect part of it back to space. 

Solar beams striking the Earth cause the atmospheric temperature to 
rise. The variations in temperatures in different regions occur due to the 
different angles at which the solar beams strike the Earth’s surface. Beams 
striking at 90° transmit the highest level of energy; therefore, the hottest 
places on Earth are those areas where the sun’s rays arrive at right angles. 
Locations where the sun’s rays hit at lesser angles tend to be cooler. 

Atmospheric Circulation Systems and Climate Zones. From equa- 
tor to poles there are three distinct patterns of wind circulation cells (Had- 
ley, Ferrel, and Polar cells), which are approximately 30° apart in latitude 
from each other on both sides of the equator (Fig. 1.4). 

The wind circulation loops are driven mainly by the temperature gradi- 
ents across the loop. Each wind circulation cell receives a different quan- 
tum of heat from the solar beam, thus resulting in three major climate 
zones. Wind circulation tends to reduce the temperature gradient in the 
loop. 
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Fig. 1.4 Global three-cell surface and upper atmosphere circulation pattern. 
Source: Ref 1.6 


Doldrums 


Weather is the current atmospheric condition with respect to the preva- 
lent humidity, wind, precipitation, and temperature in the troposphere at a 
particular place. 

Climate is an average of the weather over a long period. The humidity, 
temperature, precipitation, and pressure of the atmosphere are the key fac- 
tors that determine the climate. Water vapor in a humid atmosphere forms 
clouds, and the rainfall depends on the type of cloud. The atmospheric 
temperature affects humidity, pressure, and precipitation and thus plays a 
major role in determining the climate in a particular location. The tem- 
perature of a given circulation cell is determined by the amount of solar 
beam it receives from the sun. 

The Koppen-Geiger classification system, a modification of the Koppen 
classification, recognizes six climate regions on the basis of average 
monthly temperatures, average monthly precipitation, and total annual 
precipitation values. The relationship between climate zones and geo- 
graphical locations is shown in Fig. 1.5. However, global warming can 
upset the pattern of these existing natural climate zones. 

The Earth’s Spheres. Nature’s spheres of activities are confined to the 
atmosphere, geosphere, hydrosphere, and biosphere. All the spheres are 
linked to each other in their activities (Fig. 1.6). The activities include 
natural cycles of materials and/or energy transfer among the atmosphere, 
hydrosphere, geosphere, and biosphere. These various spheres act as res- 
ervoirs that keep materials for different amounts of time, called residence 
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Fig. 1.6 Interlinked natural spheres, cycles, and climate with anthrosphere. 
Source: Ref 1.1 


times. Global warming is linked to generation and absorption of carbon, 
nitrogen, and water in their respective cycles by the atmosphere, geo- 
sphere, hydrosphere, and biosphere (Fig. 1.6). The three material cycles 
lead to transfer of chemicals from biological to geological systems and are 
therefore called biogeochemical cycles. Processes that affect these trans- 
fers include biological processes such as respiration, transpiration, photo- 
synthesis, and decomposition as well as geological processes such as 
weathering, soil formation, and sedimentation. However, the intrusion of 
the man-made anthrosphere has caused disruptions in the natural flow of 
materials and energy among the four spheres. 
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The carbon cycle is the process by which carbon is transferred through 
the air, ground, plants, animals, and fossil fuels. A simplified carbon cycle 
diagram is shown in Fig. 1.7. Carbon exists in the atmosphere as carbon 
dioxide (CO,). Carbon dioxide is absorbed by green plants during the pro- 
cess known as photosynthesis. The product of photosynthesis provides the 
nourishment of every heterotrophic organism. The photosynthesis process 
removes carbon dioxide from the atmosphere. 

Carbon exists in the nonliving environment as: 


e Carbon dioxide in the atmosphere and dissolved in water (forming 
HCO, ) 

e Carbonate rocks (limestone and coral = CaCO,) 

e Deposits of coal, petroleum, and natural gas derived from once-living 
things or dead organic matter, for example, humus in the soil 


The natural spheres act as the sink or source of the material or energy. 
The presence of the man-made sphere as a source of emission (not absorp- 
tion) has led to disruptions in the natural cycles with respect to input and 
output of carbon from different spheres. For example, the sea water is al- 
most saturated with carbon dioxide and hence no longer works as an ef- 
fective sink; nonrenewable carbonate rocks are extensively used for 
manufacturing cement and iron in blast furnaces, both emitting huge 
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Fig. 1.7 Simplified diagram of carbon cycle. Source: Ref 1.7 
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quantities of CO, into the atmosphere; and nonrenewable deposits of coal, 
petroleum, and natural gas are used to cater to our energy needs, thus be- 
coming the main source of man-made CO). 

The atmosphere easily absorbs the emitted man-made CO,. However, 
due to shrinkage in the major sinks, CO, is retained by the atmosphere. 
The CO, in the atmosphere is therefore increasing at a fast rate; this ac- 
cumulation, and the fact that CO, lives for over 100 years, accelerates the 
global warming process beyond tolerable limits. 

Other dynamic flows of energy and material among the spheres include 
nitrogen, water vapor, and rock cycles. Nature has perfected these activi- 
ties so as to retain and release the quantities required to produce ambient 
conditions for sustaining life. When the rates of man-made disruptions are 
larger than the balancing capacities of the spheres, the system begins to 
shift, affecting all levels of the ecosystems through local and global 
changes. 

The enormous growth of industrial activities and urbanization to cater 
to the needs of the growing human population for transportation, electric- 
ity, infrastructures, and so on has led to the large increase in man-made 
emissions and the shrinkage in greenhouse gas absorption capacities of 
major sinks, such as the forests and oceans. The development of the an- 
throsphere has adversely affected the dynamic circulatory systems of en- 
ergy and material among the natural spheres. 


Greenhouse Gas Effects 


Nearly two centuries ago, in 1827, Jean Baptiste Joseph Fourier, a fa- 
mous French mathematician, was the first to find the heat- (the infrared 
portion of a solar beam) absorption capabilities of some of the atmospheric 
gases, such as carbon dioxide. The similarity in behavior with a green- 
house or glasshouse led to the adoption of the name greenhouse gases. 

More than a century after Fourier’s discovery of greenhouse gases, it is 
their increasing presence due to rapid industrialization that has led to the 
realization of the accelerated rate of global warming and its critical effect 
on the climate. 

It is necessary to distinguish between the natural and the enhanced 
greenhouse effect (Ref 1.1). Greenhouse gases such as carbon dioxide 
(CO,), methane (CH,), and nitrous oxide (N,O) belong to both natural and 
man-made sources. Moisture (H,O) and ozone (O,) are of natural origin. 
The atmospheric water vapor (H,O) also makes a large contribution to the 
natural greenhouse effect, but it is thought that its presence is not directly 
affected by human activity. Moistures do not have a man-made origin. 
Other greenhouse gases such as halocarbons (e.g., chlorofluorocarbon), 
sulfur dioxide (SO,), and sulfur hexafluoride (SF,) are of man-made ori- 
gin. The natural greenhouse effect creates a climate in which life can 
thrive and sustain. Man-made greenhouse gases accumulate in the atmo- 
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sphere due to shrinkage in the buffering capacities of the major sinks, such 
as the forests (biosphere) and oceans (hydrosphere). The rising quantities 
of man-made greenhouse gases in the atmosphere result in an enhanced 
greenhouse effect by increasing the mean atmospheric temperature be- 
yond that caused by natural effect. 

The greenhouse effects of major gases (GHGs) present in the atmo- 
sphere are: 


e Water vapor: Causes ~36 to 70% of the greenhouse effect (not includ- 
ing clouds) 

e Carbon dioxide (CO,): Causes ~9 to 26% of greenhouse effect 

e Methane (CH,): Causes ~4 to 9% of greenhouse effect 

e Ozone (O,): Causes ~3 to 7% of greenhouse effect 


Global Warming Potential 


According to the IPCC, a joint project of the World Meteorological 
Organization and the United Nations Environment Program (Ref 1.2), if 
the carbon dioxide in the atmosphere continues to rise, the world will 
warm by 1.4 to 5.8 °C (2.5 to 10.4 °F) by the end of the 21st century. With 
a global temperature rise of 1.4 °C (2.5 °F), there would not be a major 
problem due to climatic changes. However, if the temperature rises to the 
highest level of 5.8 °C (10.4 °F), there would be a dramatic change in 
climate, with disastrous consequences across the world. 

The global warming potential (GWP) is used within the Kyoto Protocol 
(Ref 1.3) as a measure for the climatic impact of emissions of different 
greenhouse gases. The GWP is actually calculated in terms of the 100- 
year warming potential of a kilogram of a gas relative to that of a kilogram 
of CO,. According to the IPCC, GWPs typically have an uncertainty of 
+35%. 

Under the Kyoto Protocol, the Conference of Parties decided (decision 
2/CP.3) that the values of GWP are to be used for converting the various 
greenhouse gas emissions into comparable CO, equivalents when com- 
puting overall sources and sinks. Carbon dioxide equivalents are com- 
monly expressed as million metric tons of carbon dioxide equivalents 
(MMTCO,Eq) (Ref 1.3). 

The carbon dioxide equivalent for a gas is derived by multiplying the 
million metric tons of the gas by the associated GWP (Ref 1.1, 1.3), as 
follows: 


MMTCO,Eq = (Million metric tons of a gas) x (GWP of the gas) 


Carbon dioxide equivalents provide a universal standard of measure- 
ment against which the impacts of releasing (or avoiding the release of) 
different greenhouse gases can be evaluated. Each eligible emissions unit 
represents 1 ton of carbon dioxide equivalent. The shorter version of car- 
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bon dioxide equivalent is carbon equivalent or just carbon. The commonly 
used terms include carbon credit, carbon neutral, carbon reduction, car- 
bon market, and so on. The industries belonging to the Kyoto Protocol 
signatory nation are required to be compensated for extra carbon emis- 
sion. Because there is no possibility of directly influencing atmospheric 
water vapor concentration by man-made sources, the GWP level for water 
vapor is not calculated. 

The properties of selected greenhouse gases are included in Table 1.3. 
Halocarbons and sulfur hexafluoride are of man-made origin, and, in ad- 
dition to greenhouse effects, they are also responsible for depletion of the 
ozone layer. 

Radiative Forcing. The energy budget of the Earth is considered to be 
in equilibrium and maintains a balance between incoming solar radiation 
and outgoing terrestrial radiation over a long period. Radiative forcing is 
defined as the change in the balance between solar radiation entering the 
atmosphere and the Earth’s radiation going out. The heat balance of the 
atmosphere is liable to change due to changing heat-absorption capacities 
(e.g., greenhouse gases) and heat-reflection abilities of the materials. 
This phenomenon is known as radiative forcing (RF). This imbalance 
causes changes in global temperatures. On average, a positive RF tends 
to warm the surface of the Earth, while negative forcing tends to cool the 
surface. 


Table 1.3 Properties of selected greenhouse gases 


Global warming 
potential(a), 
Greenhouse gas Origin Sink Impact on climate Life, years 100 years 
Carbon dioxide (CO,) Fossil fuel burning Ocean Absorbs infrared (heat) 80-100 
Deforestation Plants (photosynthesis) radiation 
Makes atmosphere warm 
Too much causes global 
warming 
Key to plant life 
Affects stratosphere 
oxygen 
Methane (CH,) Biomass burning Reaction with OH Absorbs infrared 10-12 23 
Swamps, wetlands Microorganisms in soil Affects stratosphere and 
Rice paddies troposphere oxygen and 
Landfill and carcass bacterial OH 
attack Produces CO 
Nitrous oxide (N,O) Biomass burning Soil Absorbs infrared 114 296 
Fossil fuel burning Stratosphere (photolysis) Affects stratosphere 
Nitrate fertilizer and reaction with oxygen 
oxygen 
Hydrofluorocarbons Refrigeration leakage Absorbs infrared 16-41 1200 
Perfluorocarbons Semiconductor and electronics Absorbs infrared 32,000-50,000 6,500-11,200 
industries (100 years) 
Leakage 
Sulfur hexafluoride (SF) Switch = gears ae Absorbs infrared 32,000 24,900 
Sulfur dioxide (SO,) Volcanoes Reacts with H,O to form Forms aerosols 
Burning coal and kerosene weak acid Affects ozone layer 
Note: Based on various sources, including Intergovernmental Panel on Climate Change (IPCC) reports and global warming potential on IPCC third agreement report, 2001. 


(a) Compared to CO, = 1. Source: Ref 1.1 
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The concept of RF is useful because a linear relationship has been de- 
termined between the global mean equilibrium surface temperature 
changes and the amount of RF. The radiation balance can be altered by 
factors such as intensity of solar energy (solar irradiance), reflection by 
clouds or gases (albedo), absorption by various gases or surfaces (green- 
house gases), and emission of heat by various materials (volcanic erup- 
tions). Any such alteration is an RF and can cause a new balance to be 
reached. 

The contributions of the various components of RF as assessed by the 
IPCC in 2005 are shown in Fig. 1.8.The net RF due to man-made compo- 
nents amounts to approximately (+)1.82 W/mm? (Ref 1.2). 

The RF contribution from increasing concentrations of well-mixed 
greenhouse gases (including CO,, CH,, N,O, chlorofluorocarbons, hydro- 
chlorofluorocarbons, and fluorinated gases) is estimated to be +2.64 W/m?, 
wherein more than half of the amount is due to increases in CO, (+1.66 W/ 
m°). Thus, CO, makes a major contribution to warming relative to other 
climate components. The National Oceanic and Atmospheric Administra- 
tion’s United States annual greenhouse gas index, which tracks changes in 
RF from greenhouse gases over time, shows that RF from greenhouse 
gases has increased by 21.5% from 1990 to 2006. Much of the increase 
(63%) has resulted from the contribution of CO,. Methane is a more effec- 
tive greenhouse gas than carbon dioxide, but its RF is one-fourth that of 
carbon dioxide (Ref 1.8). 
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Fig. 1.8 Major radiative forcing components and net anthropogenic compo- 
nent. Adapted from Ref 1.2 
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Keeling Curve. The data on the increase in quantities of carbon dioxide 
annually in the atmosphere over several decades were collected for the 
first time by Charles David Keeling (1928 to 2005), a U.S. scientist. The 
dedicated scientist spent decades collecting data at Mauna Loa observa- 
tory in Hawaii before making the famous Keeling curve. The Mauna Loa 
record shows a continuous increase in the annual concentration of carbon 
dioxide, an important greenhouse gas, thus establishing the role of human 
contribution to global climate change. 

The measurements at Mauna Loa, extended to 2006 (Fig. 1.9), show a 
steady increase in average CO, concentration in the atmosphere, from 
approximately 315 parts per million by volume (ppmv) in 1958 to over 
380 ppmv by the year 2006 (Ref 1.4). This equals 65 ppmv in the last 
40 years, 15.96 ppmv over the decade 1990 to 2000, and 10 ppmv over the 
six-year period from 2000 to 2006. As indicated earlier, the more recent 
data also indicate the same trend of increasing quantities of CO, in the 
atmosphere per year at a higher rate every year than the preceding one. 


Global Warming Projection 


Global warming increased the Earth’s average near-surface air tempera- 
ture by 0.74 °C (1.3 °F) during the last century. However, the enhanced 
concentration of greenhouse gases from man-made sources in the atmo- 
sphere can provoke a global average temperature rise of over 2 °C (3.6 °F) 
as early as 2035. Various agencies have shown an increase in temperature 
from 2 to 5 °C (3.6 to 9 °F) in 2100 (Fig. 1.10). The increase in global 
temperature at these levels will have a great impact on the climate across 
the world. In the longer term, there will be more than a 50% chance that 
the temperature rise will exceed 5 °C (9 °F). This rise would be equivalent 
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Fig. 1.9 The Keeling curve; atmospheric carbon dioxide (parts per million by 
volume, or ppmv) concentration in five decades. Measured at 
Mauna Loa Observatory, Hawaii. Source: Ref 1.4 
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Temperature Rise (°C) 
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Fig. 1.19 Global warming projection. Figure based on data from the Center 

for Climate System Research/National Institute of Environmental 
Studies (CCSR/NIES), Canadian Centre for Climate Modeling and Analysis (CCCma), 
Commonwealth Scientific and Industrial Research Organization (CSIRO), Hadley 
Centre, Geophysical Fluid Dynamics Laboratory (GFDL), Max Planck Institute for 
Meteorology (MPI-M), National Center for Atmospheric Research Parallel Climate 
Model (NCAR PCM), and National Center for Atmospheric Research Climate Sys- 
tem Model (NCAR CSM). Source: Ref 1.1 


to the change in average temperatures from the last ice age to today (2014). 
To avoid the worst effects of global warming, the mean global tempera- 
ture rise must be kept below 2 °C (3.6 °F). 


Effects of Climate Change due to Global Warming 


Extension of Hadley’s Cycle. A recent finding (Ref 1.1, 1.2) indicates 
that the tropical belt covering Hadley’s circulation has extended by 2 to 4.5° 
in latitude (north-south, or NS), that is, 225 to 530 km (145 to 330 miles) 
beyond the 1979 figures of 23.5° (NS) in latitude. Global warming and 
depletion of the ozone layer are found to be responsible for extensions of 
Hadley’s circulation cell. The expansion of the hot tropical and higher- 
temperature dry climate zone (half-covered by Hadley’s cycle) has an ef- 
fect on the mesothermal climate zone. The changes in climate zones lead 
to a fundamental shift in ecosystem and human settlements. 

Disasters. Apart from normal seasonal variations in weather, the 
change in wind circulation resulting from major fluctuations in tempera- 
ture and pressure can cause abrupt changes, leading to disasters such as 
storms, cyclones, tornadoes, hurricanes, El Niño, La Niña, and others. 
These disasters are observed more frequently with greater intensity. Ex- 
perts feel that the recent ferocious hurricane Sandy (October to November 
2012) was due to global warming. 

Destruction of Biomes—Irreversible Change in Ecosystem. The 
biome is usually considered to have the attributes of a climax community, 
that is, a community that represents the most developed combination of 
plants and animals possible under the environmental conditions at a given 
time in a given area (Ref 1.7). The different types of biomes are shown in 
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Fig. 1.11. Biomes are dynamic entities and can retain the equilibrium to a 
considerable degree of variations in environmental conditions, such as 
those occurring during seasonal changes. However, prolonged environ- 
mental disruptions, such as that caused by climate change or fire, may 
alter a specific ecosystem irreversibly and bring a system with different 
characteristics. As a result, maps of biomes only represent the period in 
which they are in existence. Biomes are responsible for keeping the eco- 
logical balance and maintaining optimum quantities of carbon dioxide in 
the atmosphere and the climate. Hence, they must be preserved. 

The forest and ocean are two major biomes and main sinks for carbon 
dioxide. They are also the major suppliers of oxygen to the Earth’s atmo- 
sphere. These two biomes act as buffers by maintaining a constant level of 
carbon dioxide in the atmosphere. However deforestation, land-use change, 
and destruction of marine life lead to shrinkage in the buffering capacities 
of these two major sinks. The reduction in the capacity to act as a buffer 
leads to excess carbon dioxide in the atmosphere, thereby causing more 
heat absorption and consequent warming. An increasing number of groups 
have developed models that couple climate changes with changes in soils, 
vegetation, and the oceans. As the oceans grew warmer, the sea water 
absorbed gases less readily. The ocean removes carbon dioxide from the 
atmosphere by either absorption or photosynthesis through plants, algae, 
and planktons. Approximately 50 to 75% of the oxygen in the atmosphere 
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Fig. 1.11 Types of biomes. Source: Ref 1.1 
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comes from marine phytoplankton. The more CO, the oceans take, the 
more difficult it is for them to hold additional load from the atmosphere. 
Some forms of sea life have suffered from the changes in acidity level by 
absorption of CO,, thus negatively affecting biological processes of car- 
bon dioxide absorption. 

Oceans soak up approximately one-quarter to one-third of annual CO, 
emissions, but should they fail to do so in the future, the gas would stay in 
the atmosphere and accelerate the greenhouse effect. Reveille’s works at 
Scripps Institute of Oceanography (Ref 1.8) indicate that the sea water 
surface layer has a limited capability of absorbing carbon dioxide, barely 
one-tenth of a calculated buffering capacity. A European Union research 
project shows that the North Atlantic, which, along with the Antarctic, is 
one of the world’s two vital ocean carbon sinks, is absorbing only half the 
amount of CO, as it did in the mid-1990s. 

Tropical rain forests (also known as fog forests) are a major sink and 
have been a major casualty of global warming. These forests are a habitat 
for more than half of the world’s plants and animals and are responsible 
for absorbing large quantities of carbon dioxide and producing 40% of the 
Earth’s oxygen. More than one-half of the tropical forests have already 
been destroyed, now covering less than 6% of the Earth’s land surface. 

Tropical forests show a similar effect as that of oceans. Deforestation 
decreases the rainfall, making it difficult for tropical forests to survive. If 
the tropical forests are dried, they would start to emit massive amounts of 
CO,, turning forests from a net absorber to a major emitter of carbon and 
speeding up climate change. 


Current Emissions 


Recent data (2009), including the top fifteen carbon-dioxide-emitting 
countries in the world (Ref 1.9), are listed in Table 1.4. The average trend 
worldwide is positive growth of carbon dioxide emissions from 2008 to 
2009. Among the top ten emitters, the highest positive growth in emission 
is in China, followed by India. 

Other important findings are: 


e China emits more CO, than the United States and Canada combined— 
up 171% since the year 2000. 

° The United States had declining CO, for two years in a row. 

° India is the third largest emitter of CO,, pushing Russia into fourth 
place. 


Per capita emission data include the following: 


° Some of the world’s smallest countries and islands emit the most per 
person, the highest being Gibraltar with 152 tonnes per person. 
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Table 1.4 Carbon dioxide emission by top fifteen countries 


Rank in 2009 Country Emission in 2009, million tonnes 2009 per capita, tonnes 
1 China 7,710.50 5.83 
2 United States 5,424.53 17.67 
3 India 1,602.12 1.38 
4 Russia 1,572.07 11.23 
5 Japan 1,097.96 8.64 
6 Germany 765.56 9.30 
7 Canada 540.97 16.15 
8 South Korea 528.13 10.89 
9 Tran 527.18 6.94 

10 United Kingdom 519.94 8.35 

11 Saudi Arabia 470.00 18.56 

12 South Africa 450.44 9.18 

13 Mexico 443.61 3.99 

14 Brazil 420.16 2.11 

15 Australia 417.68 19.64 

World 30,398.42 4.49 


Source: Ref 1.9 


e The United States is number one in terms of per capita emissions 
among the large economies, with 18 tonnes emitted per person. 

e China, by contrast, emits under 6 tonnes per person. 

e India emits 1.38 tonnes per person. 

e For comparison, the whole world emits 4.49 tonnes per person. 


Kyoto Protocol to Limit Emissions. The third session of the Confer- 
ence of the Parties to the United Nations Framework Convention on Cli- 
mate Change took place in Kyoto, Japan, in December 1997, resulting in 
what is widely known as the Kyoto Protocol (Ref 1.1, 1.3). The working 
agreement of the signatories to the Kyoto Protocol commits developed 
countries to reduce their collective emissions of six greenhouse gases by 
at least 5% of the 1990 levels by 2012. The Kyoto agreement became le- 
gally binding on February 16, 2005, when 132 signatory countries agreed 
to strive to decrease carbon dioxide emissions. The United States was not 
a signatory of the protocol, but even the nonsignatories to the Kyoto Pro- 
tocol impose voluntary control on carbon emission. 

Although the scope of the Kyoto agreement was rather limited, its 
mechanisms are important because it sets standards for further agreements 
and creates certain important guidelines for tackling the problem, after 
recognizing the international importance of reversing the steady increase 
in greenhouse gas emission. 

Some of the important features of the Kyoto Protocol are: 


e Emission reduction in six greenhouse gases, such as carbon dioxide 
(CO,), methane (CH,), nitrous oxide (N,O), hydrofluorocarbons, per- 
fluorocarbons, and sulfur hexafluoride (SF,) 

* Compensation for exceeding the limits by buying the excess carbon 
units, and those with surplus units to their credit selling the same 


18 / Green Tribology, Green Surface Engineering, and Global Warming 


Because the GWP is expressed in terms of carbon dioxide equivalent, 
the emission unit is simply referred to as a carbon unit and the trading 
as carbon trading. Carbon is now tracked and traded like any other 
commodity. 

To achieve the emission limits and to promote sustainable growth, the 
parties shall implement policies and measures that include: 


° Enhancement of energy efficiency in relevant sectors 

e Limiting and/or reducing emissions of GHGs in the transport sector 

e Advancement and innovation of environmentally sound technologies 

e Progressive reduction or phasing out of market imperfections, fiscal 
incentives, tax and duty exemptions, and subsidies in all GHG-emit- 
ting sectors that run counter to the objective of the Convention 

e Promotion of policies and measures that limit or reduce GHGs 


The incentives are provided to reduce emission in major emitting indus- 
tries, such as energy, transport, manufacturing, construction, and other 
sectors. 

The Kyoto Protocol was renewed to 2020 during the 18th session of the 
Conference of the Parties to the United Nations Framework Convention 
on Climate Change in December 2012. The extension of the Kyoto Proto- 
col will boost the initiatives of the participating nations as well as others 
to reduce greenhouse gas emission. 


Global Emission Patterns 


The greenhouse gas CO, has shown an increase of 45% between 1990 
and 2010. Emissions reached an all-time high of 33 billion tons in 2010, 
driven by global demand for power and transport (Ref 1.10). The power 
and transport sectors account for 61% of emission, followed by industries 
(28%) and building (10.6%) (Fig. 1.12). 

Long-term global growth in CO, emissions continues to be driven by 
power generation and road transport in both industrial and developing 
countries (Ref 1.10, 1.11). Globally, these sectors account for approxi- 
mately 40 and 15%, respectively, of the current total, and both have con- 
sistent long-term annual growth rates of between 2.5 and 5%. 

The power-generation and industry sectors (Fig. 1.12, curves 1 and 2) 
show a rapid rise in CO, emission during the decade between 2000 and 
2010. The significant contribution of industry (28%) as ranking second is 
mainly due to the high growth rate of such industries as cement, steel, and 
chemical in China and other developing countries. The transportation in- 
dustry (Fig. 1.12, curves 3 and 5), as a whole, has shown steady growth 
rate in emission from 1970 onward. 

Emissions in Various Sectors in the United States. In the United 
States, the transportation sector is the second-largest emitter of green- 
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house gas after power generation (Fig. 1.13).While the industrial emission 
of greenhouse gas remains almost constant over the1990 to 2006 time- 
frame, the emissions from power plants and transportation have shown 
steady increase (Ref 1.12). The emission from industries in the United 
States shows a negative trend beyond 1997 (Fig. 1.13). There is a widen- 
ing gap between positive and negative trends in emissions from industries 
globally and that of the United States, respectively (Fig. 1.12, 1.13). The 
high growth rate of manufacturing industries in China and India and the 
declining heavy industrial sector in the United States are factors respon- 
sible for the reverse of global trends in emissions of China and India com- 
pared to that of the United States. The United States accounts for only 5% 
of the world’s population, yet it consumes 26% of the world’s energy, 
making the country the largest energy consumer in the world. Even though 
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Fig. 1.12. Increase in emission in major sectors over decades. Source: Ref 1.11 
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Fig. 1.13 Greenhouse gas emission in the United States by different sectors from 1990 to 2006 in units of teragrams 
of CO, equivalent. Source: Ref 1.12 
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a large part of the energy is used for homes and businesses to power appli- 
ances and provide light, a majority of the energy is derived from burning 
of fossil fuels to run cars and industries. These fossil fuels produce 90% 
of the greenhouse gases that contribute to global warming, and the most 
excessive and harmful of these gases is carbon dioxide. Every 24 hours, 
Americans emit approximately 16 million tons of carbon dioxide into the 
air during the production of energy. This greatly increases the carbon foot- 
print and its impact on the sustainability of the environment. 

Major Emitting Sectors. The 90% of global greenhouse gas emission 
is due to three major emitting sectors: energy, transportation, and manu- 
facturing industries (Table 1.5). 

Energy Sector. The U.S. Energy Information Administration’s figure for 
global energy consumption in 2004 was estimated to be 15 TW (in SI 
units, T = tera = 10” = trillion) (Table 1.6). Fossil fuels supply 86% of the 
world’s energy. Major shares belong to oil (37.33%), followed by coal 
(25.33%), and then gas (23.33%).The proportion varies with the availabil- 
ity of resources. In China and India, coal has the major share in fossil- 
fuel-based power-generation industries. Improvement in power-generation 
efficiency is the major task involved in reducing GHG emissions in the 
fossil-fuel-based power-generation industries. 

In the last 40 years, the use of fossil fuels has continued to grow, and 
their share of the energy supply has increased. In the last couple of years, 
coal has become the fastest growing fossil fuel. China plans to build or 
expand 199 coal-fired facilities in the next decade, compared with 83 new 
facilities in the United States (Ref 1.13). India planned to build 25 coal- 
based energy-efficient ultramega power plants (UMPPs) of 4000 MW by 


Table 1.5 Rank of major emitting sectors 


Amount 


Rank Industry (x 1000 million tons) Percent total 
1 Power plant 12.2 40.0 
2 Industries 9.24 28.0 
3 Road transport 4.98 15.0 
4 Building 35 10.6 
5 Other transport 20 6.0 
Total eae 32 99.6 


Source: Ref 1.10 


Table 1.6 Global energy consumption 


Fuel type Power(a), TW Energy per year, % 
Oil 5.6 37.33 

Gas 3.5 23.33 

Coal 3.8 25.33 
Hydroelectric 0.9 6 

Nuclear 0.9 6 
Geothermal, wind, solar, wood 0.13 0.86 
Total 15 99 


Note: U.S. Energy Administration’s 2004 data. (a) In SI units, T = tera = 10” = trillion. 
Source: Ref 1.13 
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2012 under the Clean Development Mechanism of the Kyoto Protocol. 
The high energy efficiencies of UMPPs reduce emission, while high ca- 
pacities satisfy the needs of a power-hungry nation. 

The International Energy Agency (Ref 1.14) predicts that fossil fuels 
will continue to be heavily used for many years to come. In 2006, coal’s 
share of energy generation was estimated at 79% in China and 71% in 
India; these percentages are likely to decline to 56% in India and 75% in 
China in 2030. 

Global emissions of carbon dioxide from power generation grew more 
than 34% in eight years, to 11.4 billion tons per year in 2008 from 8.5 bil- 
lion tons in 2000. In 2008, Chinese power plants produced approximately 
3.1 billion tons of CO,, while the United States produced approximately 
2.8 billion tons. The world’s top-ten power-sector emitters are China, the 
United States, India, Russia, Germany, Japan, the United Kingdom, Aus- 
tralia, South Africa, and South Korea. Among the alternative resources, 
hydroelectric and nuclear sources account for 12%, while 1% belongs to 
wind, solar, and biofuel. The energy-conversion efficiency in the alter- 
nate-energy segment is equally important to improve productivity in this 
area. 

Transportation Sector. Another major emitter of CO, is the transporta- 
tion sector, particularly the road transport segment. Since 1990, transpor- 
tation has been one of the fastest-growing sources of GHGs in the United 
States. In fact, the rise in transportation emissions represents 48% of the 
increase in total U.S. greenhouse gases since 1990. The transportation 
sector accounted for approximately 28% of total U.S. greenhouse gas 
emissions in 2006, making it the second largest source of GHG emissions. 
Nearly 97% of transportation GHG emissions came through direct com- 
bustion of fossil fuels, with the remainder due to CO, from electricity (for 
rail) and hydrofluorocarbons emitted from vehicle air conditioners and 
refrigerated transport. Transportation is the largest end-use sector emitting 
CO,, the most prevalent greenhouse gas. Estimates of GHG emissions do 
not include additional life-cycle emissions related to transportation, such 
as the extraction and refining of fuel and the manufacture of vehicles, 
which are also a significant source of domestic and international GHG 
emissions. 

Manufacturing Industries. The manufacturing industry dominates emis- 
sions of carbon dioxide (Ref 1.14, 1.15). In calculating emission data, all 
direct emissions from manufacturing are taken into account, plus indirect 
equivalent emissions due to electricity consumption by manufacturing in- 
dustries. Nearly one-third of the world’s energy consumption and 36% of 
CO, emissions are attributable to manufacturing industries. The carbon 
dioxide emission figure (36%) in manufacturing industries follows the 
energy-consumption pattern (33.3%). The current figure on average in- 
dustries emission globally amounts to 28% of carbon dioxide emission 
(Ref 1.10). 
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The large primary materials industries, that is, chemical, petrochemi- 
cals, iron and steel, cement, paper and pulp, and other minerals and met- 
als, account for more than two-thirds of this amount, that is, approximately 
one-quarter (24%) of total global energy consumption, and account for one- 
quarter of the total global carbon dioxide emission. Of metals other than 
iron and steel, aluminum production is a very high energy-consuming 
process and also one of the worst emitters of CO, and halocarbons (Ref 
1.1). 

Overall, industrial energy use has been growing strongly in recent de- 
cades. The rate of growth varies significantly between subsectors. For ex- 
ample, chemicals and petrochemicals, which are the heaviest industrial 
energy users, doubled their energy and feedstock demand between 1971 
and 2004, whereas energy consumption for iron and steel has been rela- 
tively stable. The aluminum industry has been able to reduce emissions 
considerably, due mainly to research and development efforts (Ref 1.1). 

Much of the growth in industrial energy demand has been in emerging 
economies. China accounts for approximately 80% of the growth in the 
last 25 years. Today (2014), China is the world’s largest producer of iron 
and steel, but it is not a signatory to the Kyoto Protocol. 

Need to Conserve Nonrenewable Resources to Reduce Emission. 
To cater to the needs of an ever-growing population, economic growth at 
a reasonable rate is essential. Economic growth is expressed in terms of 
percentage increase in annual gross domestic products. To produce in- 
creased quantities of the products, it is necessary to consume more natural 
resources as materials and energy inputs. 

Steady growth is, by its nature, an exponential function. A quantity that 
grows according to an exponential function exhibits a doubling in size at 
a regular time interval (called the doubling time). With a steady growth 
rate of 5% per year, the consumption of a nonrenewable resource (such as 
coal, petroleum, minerals, and metals) would be doubled in approximately 
14 years. After another 14 years, the rate will have quadrupled. After a 
century of 5% annual growth, the resource will be consumed at a rate 130 
times the original rate. The rapid depletion of nonrenewable resources 
would make economic growth unsustainable. 


Green Technologies to Reduce Global Warming 


The emission of man-made greenhouse gases into the atmosphere is 
mainly responsible for the enhanced greenhouse effect, that is, the accel- 
erated rate of heat absorption from solar beams. While natural greenhouse 
gases assist in maintaining a dynamic ecological cycle, excess greenhouse 
gases of man-made origin cause an excessive temperature rise, resulting 
in irreversible changes in the ecology and environment. The terms green 
or eco have been used as prefixes to innovative technologies for reducing 
man-made greenhouse effects. 
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According to a recent research report by PBL Netherlands Environmen- 
tal Assessment Agency and the European Commission’s Joint Research 
Centre (Ref 1.10), increased energy efficiency, nuclear energy, and the 
growing contribution of renewable energy are not compensating for the 
globally increasing demand for power and transport, which is strongest in 
developing countries. Also, the contribution of the Kyoto Protocol targets 
to global greenhouse gas emission mitigation is rather limited. However, 
“it is clear that the climate and energy policies introduced after the proto- 
col have served to stimulate and enhance many of the new economic and 
technological developments in the area of so-called ‘green technologies,’ 
which would otherwise not have been penetrated so fast in the market” 
(Ref 1.10). 

The emissions from energy, transportation, and manufacturing indus- 
tries constitute 89% of total global emission (Table 1.5). These are also the 
sectors where substantial energy dissipation occurs in the tribological pro- 
cesses for energy transformation, transfer, and utilization, providing 
unique opportunities for green technologies, in general, and green tribol- 
ogy plus surface engineering, in particular, to improve energy efficiency. 
While the transportation sector has been able to reduce emission figures 
through adoption of green technologies, power plants have made a signifi- 
cant breakthrough by development of ultramega supercritical coal-based 
technologies. 

The top emitting sector (40% emission) includes the thermal power 
plants using fossil fuels. The life of a thermal power plant ranges between 
50 and 100 years. Hence, it is not possible to close down these plants just 
because they are the worst emitters of carbon dioxide. On the other hand, 
more of these plants are required to cater to the growing need for electric- 
ity. Green technologies are being used increasingly to improve the effi- 
ciencies of existing power plants and to develop materials that withstand 
degradation processes in the severe environmental conditions of the newly 
developed, highly energy-efficient supercritical and ultrasupercritical power 
plants. High energy-efficient processes with substantially low emission 
figures are called “clean” processes. The fiscal incentives in terms of car- 
bon credits and liberal funding under the Kyoto Protocol’s Clean Devel- 
opment Mechanism (CDM) have led to the development of clean processes 
by developed countries and the establishment of the same in developing 
countries. 

Clean Development Mechanism. The CDM project for developing 
countries, although often criticized for additional effects, has triggered 
worldwide project activities in various industrial sectors, focusing on re- 
duction of greenhouse gas emissions (Ref 1.10). 

The CDM allows a country with an emission-reduction or emission- 
limitation commitment under the Kyoto Protocol (Annex B Party) to im- 
plement an emission-reduction project in developing countries. Such 
projects can earn saleable certified emission-reduction (CER) credits, 
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each equivalent to one tonne of CO,, which can be counted toward meet- 
ing the Kyoto Protocol targets. 

The mechanism is seen by many as a trailblazer. It is the first global 
environmental investment and credit scheme of its kind, providing a stan- 
dardized emissions-offset instrument, the CER unit (Ref 1.1). 

ACDM project activity may involve, for example, a rural electrification 
project using solar panels or the installation of more energy-efficient 
boilers. 

The mechanism stimulates sustainable development and emission re- 
ductions while giving industrialized countries some flexibility in how they 
meet their emission-reduction or -limitation targets. Figure 1.14 shows the 
expected CER units by host countries under the CDM. 

Operational since the beginning of 2006, the mechanism has already 
registered more than 1650 projects and is anticipated to produce CERs 
amounting to more than 2.9 billion tons of CO, equivalent in the first com- 
mitment period of the Kyoto Protocol, 2008 to 2012. The CDM has regis- 
tered a large number of wind power plants to feed electricity in the grid in 
Vietnam. The displacement of fossil fuel will lead to saving 32,000 tons 
of CO, every year (Ref 1.16). Green technologies play a major part in 
improving the energy-conversion efficiency of windmills. Under the CDM, 
India plans to build 25 ultramega coal-based power plants of 4000 MW 
each. 

Joint Implementation. The mechanism known as joint implementa- 
tion, defined in Article 6 of the Kyoto Protocol, allows a country with an 
emission-reduction or -limitation commitment under the Kyoto Protocol 
(Annex B Party) to earn emission-reduction units from an emission- 
reduction or emission-removal project in another Annex B Party. Joint 
implementation offers Parties a flexible and cost-efficient means of fulfill- 
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Fig. 1.14 Expected average certified emission-reduction units by host party 
under the Clean Development Mechanism. Source: Ref 1.16 
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ing a part of their Kyoto Protocol commitments, while the host Party ben- 
efits from foreign investment and technology transfer. 

The green technology approach has been used to significantly improve 
the efficiency of the fossil-powered power-generation industry by devel- 
oping supercritical and ultrasupercritical mega thermal power plants. The 
installation of such high-efficiency, high-capacity plants in their own 
countries and selling in developing countries under the CDM project has 
resulted in minimizing emissions in the fossil-fuel-based power-genera- 
tion sector while satisfying growing demands. The enabling technology 
for materials to work in severe wear situations has been green surface 
engineering. 

Corporate social responsibility (CSR), also called corporate respon- 
sibility or corporate citizenship, is the commitment of the business house 
to “building sustainable businesses” (Ref 1.17) without forgetting their so- 
cial obligations, including protection of the environment. 

Industries are mainly responsible for man-made emissions causing 
global warming and the consequent climate change. In addition to GHG 
emissions, industrialization is linked to deforestation, pollution of water 
resources, and destruction of the biome and biodiversity, thus reducing the 
sinks for carbon dioxide (Ref 1.18). However, the industries are here to 
stay and also must grow at an accelerated rate to cater to the growing 
needs of people across the globe. It is imperative that corporations shoul- 
der the responsibilities of limiting emissions at least to an extent specified 
in the Kyoto Protocol, if not more. 

A major part of the emission is from developed (the United States, Eu- 
ropean Union) and fast developing (China, India) countries. While not 
major emitters, developing nations are of major concern in the area of 
deforestation and destruction of biodiversity, the main sinks for GHGs. 
The developed countries, which are signatories to the Kyoto Protocol, 
have mandatory emission-reduction targets for their industries. Most of 
the CSR activities with respect to climate change become mandatory for 
industries in the Kyoto Protocol signatory nations. The nonsignatories to 
the Kyoto Protocol, such as the United States, Australia, and Canada, 
have a voluntary carbon-trading market, providing financial incentives to 
the carbon-saver industries. It is the responsibility of the corporates to 
work toward a technoecologically viable (green) solution to limit global 
warming. 

Corporate social responsibility is a positive endeavor for the prosperity 
and well-being of both the corporations and the societies in which they 
belong. The CSR activities allow the company to: 


* Reduce GHG emissions and thus earn carbon credits, a tradable com- 
modity that adds to the income. With carbon emissions beyond a spec- 
ified limit, carbon credits for the excess carbon must be purchased at 
the existing market price. 


26 / Green Tribology, Green Surface Engineering, and Global Warming 


° Encourage responsible use of resources, work for conservation of re- 
sources, and develop renewable and sustainable resources. Efforts in 
these directions will reduce cost and improve sustainability. Recycling 
of metallic and other materials from generated scrap leads not only to 
the conservation of nonrenewable resources but also improves the sus- 
tainability of the resource and results in cost reduction. 

e Utilize waste or ensure proper disposal by introducing environmental- 
friendly waste-management techniques. A good environment and 
healthy atmosphere in the workplace improves productivity. 

e Reducing energy requirements by using energy-efficient processes, 
process automation, and so on will reduce costs plus earn carbon 
credits. 

° Improving overall efficiency leads to higher productivity and lower 
cost of production. 

° Improve sales figures by marketing real “green” products with a 
“green” tag. 


By going green in CSR, companies can improve earnings, ensure a sus- 
tainable business, and vastly improve the company’s ratings in the national 
and global perspective. Social responsibilities combined with financial 
gains are doubly satisfying—doing well and doing good—and therefore 
are becoming extremely popular (Ref 1.17). 

Green Technology as Key. The most recent report (March 8, 2013) 
(Ref 1.19) suggests that the chances of holding the global temperature rise 
within the safe limit of 2 °C is diminishing. The carbon dioxide levels 
have gone up by 2.67 ppmv in 2012 to 395 ppmv. However, without the 
monumental efforts by nations and the United Nations agencies in negat- 
ing emission, the recent record increase in carbon dioxide emission could 
have been worse. 

The innovations in green technology during the last few years have 
produced good results in improving energy efficiencies (Ref 1.16). Green 
technology, in general, and green tribology plus surface engineering, in 
particular, hold the key for the twin objectives of enhancing conservation 
of natural resources and improving energy efficiency, with the ultimate 
goal of finding a technoecologically viable solution to the current critical 
problem of global warming. 


REFERENCES 


1.1 R. Chattopadhyay and M. Chatterjee, Global Warming—Origin, 
Significance, and Management, Global Vision Publishing House, 
New Delhi, India, 2012 

1.2 Summary for Policymakers, Climate Change 2007, The Physical 
Source Basis, Contribution of Working Group 1 to the Fourth As- 
sessment Report of the Intergovernmental Panel on Climate Change, 


Chapter 1: Introduction to Global Warming / 27 


IPCC 2007, Cambridge University Press, Cambridge, U.K., http:// 
www.ipcc.ch/pdf/assessment-report/ar4/wg 1/ar4-wg1-spm.pdf 

1.3 “Kyoto Protocol, United Nations Framework Convention on Cli- 
mate Change” (English), http://unfccc.int/key_documents/kyoto_ 
protocol/items/6445.php 

1.4 “Home of the Keeling Curve,” Scripps Institution of Oceanography, 
La Jolla, CA, http://scrippsco2.ucsd.edu/home/index.php 

1.5 “The Earth’s Atmosphere,” University of Tennessee, Department of 
Physics and Astronomy, http://csep10.phys.utk.edu/astr161/lect/ 
earth/atmosphere.html 

1.6 M. Pidwirny, Global Scale Circulation of the Atmosphere, Funda- 
mentals of Physical Geography, 2nd ed., PhysicalGeography.net, 
2006, http://www.physicalgeography.net/fundamentals/7p.html 

1.7 J.W. Kimball, Kimball’s Biology Pages, http://users.rcn.com/jkim 
ball.ma.ultranet/BiologyPages/ 

1.8 R. Reveille, The Role of the Oceans, Sat. Rev., May 7, 1966, p 41 

1.9 “World Carbon Dioxide Emissions Data by Country: China Speeds 
Ahead of the Rest,” The Guardian Datablog, Jan 31, 2011, http:// 
www.guardian.co.uk/ news/datablog/2011/jan/31/world-carbon-diox 
ide-emissions-country-data-co2 

1.10 J.G.J. Olivier, G. Janssens-Maenhout, J.A.H.W. Peters, and J. Wil- 
son, “Long-Term Trend in Global CO, Emissions—2011 Report,” 
PBL Netherlands Environmental Assessment Agency/European 
Commission’s Joint Research Centre, The Hague, 2011 

1.11 “Global CO, Emissions Soar Despite Efforts by Industrialised 
Countries,” Joint Research Centre, European Commission, http:// 
ec.europa.eu/dgs/jrc/index.cfm?id=1410&obj_id=13850&dt_code 
=NWS&lang=en 

1.12 “Transportation and Greenhouse Gas Emissions,” U.S. Department 
of Transportation, Center for Climate Change and Environmental 
Forecasting, http://climate.dot.gov/about/transportations-role/over- 
view.html 

1.13 “International Energy Outlook 2009,” U.S. Energy Information Ad- 
ministration, http://www.eia.gov/forecasts/archive/ieo09/index.html 

1.14 International Energy Agency (IEA) Report on CO, Emission, Times 
of India, Paris, May 31, 2011 

1.15 “Executive Summary,” Report submitted by IEA for G-8 on studies 
to assess worldwide industrial energy efficiency in manufacturing 
sectors, 2005, http://www.iea.org/Textbase/npsum/tracking2007SUM 
.pdf 

1.16 “Clean Development Mechanism and Joint Implementation Proj- 
ects,” Kyoto Protocol, United Nations Framework Convention on 
Climate Change, http://unfccc.int/kyoto_protocol/mechanisms/clean 
_development_mechanism/items/2718.php 

1.17 A Special Report on CSR, The Economist, Jan 19, 2008, p 3-22 


28 / Green Tribology, Green Surface Engineering, and Global Warming 


1.18 M. Chatterjee, “Anthropogenic Climate Change, Global Warming 
and Management—An Overview,” Int. Seminar on Climate Change, 
N.M. College in association with Indian Institute of Forest Manage- 
ment (IIFM) and United States-India Educational Foundation 
(USIEF), Dec 3-4, 2012 (N.M. College, Mumbai, India) 

1.19 J. Vidal, The Guardian, March 8, 2013 


Green Tribology, Green Surface Engineering, and Global Warming Copyright © 2014 ASM International® 


R. Chattopadhyay 


CHAPTER 2 


All rights reserved 
asminternational.org 


Green Tribology 


INNOVATIVE TECHNOLOGIES to reduce the greenhouse effect are 
termed “green” technologies. Green technologies deal with the subject of 
overall improvement in energy to negate global warming. Green tribology 
has become a key subject to improve energy efficiencies and conserve 
nonrenewable resources in a wide spectrum of industries. The tribological 
processes such as wear and friction lead to loss of material and energy 
from the interacting surfaces of components in equipment and machinery, 
making them energy inefficient and redundant at an early stage of life. 
Frequent replacement of the equipment leads to a huge waste of energy 
and material. The basic goals in green tribological efforts include reduc- 
tion of material loss, reduction in energy loss, and life-cycle extension. 
Tribological aspects of these three basic objectives are discussed in this 
chapter. 


History of Tribology and Green Tribology 


The word tribology comes from the Greek term tribos, or rubbing. Tri- 
bology or triboscience is defined as the science of friction, wear, and lu- 
brication of interacting surfaces in relative motion, involving energy 
dissipation and material loss (Ref 2.1). 

Leonardo da Vinci (1452 to 1519) was the first to explain the two laws 
of friction. According to da Vinci, the frictional resistance is the same for 
two different objects of the same weight that make contact over areas with 
different widths and lengths. He also observed that the force needed to 
overcome friction is doubled when the weight is doubled. It took almost 
five centuries through early frictional studies by Amonton (1699) and 
Coulomb (1736 to 1820), followed by formulation of a wear equation by 
Archard (1953), to decipher da Vinci’s codes on friction, wear, and lubri- 
cation (Ref 2.1). 
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The term tribology appeared for the first time in a United Kingdom 
Government Report published on March 9, 1966, now commonly known 
as the Jost report (Ref 2.2). According to the Jost report, tribology offers 
great opportunities for saving industries billions of dollars that they lose 
due to wear. 

The term green tribology is defined by H.P. Jost as “the science and 
technology of the tribological aspects of ecological balance and of envi- 
ronmental and biological impacts” (Ref 2.3). Jost gave credit for coining 
the term green tribology to Professor Si-Wei Zhang of China, who 
“launched (green tribology) as a tribology policy in London on June 8, 
2009, which date can be regarded as the acknowledged birthday of green 
tribology as an international concept” (Ref 2.4). Green tribology is also 
known as ecotribology. Since its inception, green tribology has been a key 
subject in major international and world tribology conferences (Ref 2.5, 
2.6). 

According to Hill and Kassebaum of the Institute of Electrical and 
Electronics Engineers, green or environmentally-friendly tribology em- 
phasizes those aspects of interacting surfaces in relative motion that are of 
importance for energy conservation and conversion with respect to envi- 
ronmental sustainability and that have a major impact on the concurrent 
environmental problems of global warming (Ref 2.7). 

Basic science has taught us that energy cannot be created nor destroyed 
but can be transformed from one type to another. Energy transformation 
from one form to another is always accompanied by dissipation of some 
energy in another form. Tribological processes, such as friction and wear, 
are accompanied by energy dissipation and material loss from the surfaces 
of interacting materials. The efficiency of the transformation or transfer 
process is therefore limited in value, depending on the extent of energy 
dissipation. 

According to a recent report (Ref 2.8), green engineering plays an im- 
portant role in reducing greenhouse effects. Green engineering efforts to 
reduce emissions include technologies to improve efficiencies in energy 
conversion, consumption, and conservation processes. According to No- 
sonivsky and Bhushan (Ref 2.9), tribological research to improve efficien- 
cies in energy should achieve: 


e Reduction of material and energy loss due to wear 

e Reduction in energy loss due to friction 

e Conservation of energy and nonrenewable resources by extending life 
cycles of the components 

e Reduction or elimination of lubricants by proper selection of low- 
friction mating surfaces 


Green tribology deals with the subject of overall improvement in en- 
ergy to negate global warming. Tribological studies have effectively re- 
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duced wear, friction, and the use of lubrication of the interacting surfaces 
in relative motion, leading to efficient functioning of these and other inter- 
acting components in energy-related processes. 

The progressive loss of material from the surface of interacting com- 
ponents by wear leads to a gradual loss in efficiency, followed by prema- 
ture failure of the component, thus considerably reducing the life cycle. 
The scrapping of an engineered component made from nonrenewable re- 
sources at an early stage in life due to wear goes against the ethics of the 
conservation of natural resources. Lower life span may also result from 
more strained materials because friction leads to an expedited aging 
process (Ref 2.10). Extension of the life cycle by reducing wear and fric- 
tion leads to conservation of nonrenewable resources and a sustainable 
environment. 


Economic and Energy Loss due to Wear and Friction 


A large amount of energy is lost due to friction. In a diesel engine, only 
a maximum of 30% of the fuel is directly transformed into driving energy. 
According to different estimations, friction and wear of material cause an 
economic loss of 5 to 8% of the gross domestic product each year in Ger- 
many (Ref 2.10). 

The direct and consequential annual loss due to wear and corrosion in 
the United States is $500 billion (Ref 2.1). The tribology surveys con- 
ducted by the Department of Energy, along with the Energy Conversion 
and Utilization Technology Program, indicate that the estimated direct and 
indirect losses of energy caused by simple wear and friction in 1978 is 
over 4 quadrillion Btu in the United States. Assuming an average growth 
rate of 3 to 5% per year in all of the industrial sectors, the proportional 
increase in energy loss by material degradation (3 to 5% per year com- 
pounded for 32 years, from 1978 to 2010) is in the range of 10.4 to 
18.4 quadrillion Btu in the United States. 

According to the survey, steps to reduce energy loss include (Ref 2.11): 


e Identification of typical tribology energy sinks in industry 

e Reduction of tribological losses in major sinks such as utilities and 
transportation 

e Exploitation of the energy conservation potential of new surface 
modifications 


In the United States, it is estimated that approximately 11% of total energy 
can be saved in major areas of transportation, turbomachinery, power gen- 
eration, and industrial processes through progress in tribology (Ref 2.12). 
Tribological improvements in cars alone can save 18.6% of the total an- 
nual energy consumed by cars in the United States, which is equivalent to 
approximately 14.3 billion U.S. dollars per annum (Ref 2.11). 
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The total cost of wear for a single U.S. naval aircraft is estimated to be 
$243 per flight hour (Ref 2.13). 


Wear of Material 


Wear is defined as the loss of material from a mating surface due to 
tribological interaction in relative motion. The definition of wear does not 
include loss of dimension from plastic deformation, although wear has 
occurred despite no material removal. This definition also fails to include 
impact wear, where there is no sliding motion or cavitation, or where the 
counterbody is a fluid and corrosion damage is due to chemical rather than 
mechanical action (Ref 2.1). 

Wear is caused by interactions of solid surfaces with counterbodies and 
the surrounding environment. The wear environment or system envelope 
causing wear is defined in DIN 50320. In accordance with DIN 50320, 
wear is not an intrinsic property of the material but a system property. 

The performance of the material therefore depends on the wear system 
or system envelope (Fig. 2.1). In a given system envelope, which is deter- 
mined by the boundary conditions of the system, wear occurs only when 
the following conditions are satisfied: 


e A wear-causing counterbody or countermaterial (“1” in Fig. 2.1) is in 
contact with the base material (“3”) or with the interposition of an in- 
termediate material (“2”) of similar or dissimilar nature. The combina- 
tion can be referred to as wear mating. 

e Arelative movement (“5” in Fig. 2.1) exists between the wear mating 
components under load. The movement and the load factors together 
are referred to as the primary actions. The extent of wear therefore 
depends primarily on the applied load and the sliding distance under 


the load. 
Three important aspects governing the wear behavior of materials 
include: 
4. Load 
5, Movement 


1. Counter Materials 


a Wear 
2. Intermediate : 
Material Mating 


3. Base Materials 


Fig. 2.1 Wear system (DIN 50320). Source: Ref 2.1 
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Wear is surface-specific. The nature and extent of wear depends on the 
surface properties rather than the bulk material. The properties of sur- 
faces are usually different from bulk properties. Surface properties 
govern the tribological characteristics and thus the wear behavior of a 
solid. The main surface properties responsible for controlling wear of 
materials include energy, microstructure, roughness, hardness, and 
composition. Modification of these surface properties alters the quan- 
tum of wear from the surface. Surface modification creates new sur- 
faces with properties different from the original surface. Due to changes 
in surface properties, the wear rate and mechanism change with the 
progress of wear. 

Primary action controls the quantum of wear. The primary action (load 
and sliding distance) is the input energy at which the counterbody in- 
teracts with the solid surface. The wear rate is a function of energy 
input. Wear is the process of energy transfer and conversion from the 
weal-causing countermaterial to the mating surface. Thus, an ex- 
tremely hard diamond tool as countermaterial cannot outperform the 
metal-removal speed ofa high-pressure water jet or high-energy flame, 
plasma, or laser jet. Extremely high energy impact supersedes the wear 
rates of ultrahard countermaterial. Wear is therefore an energy-driven 
process. 

Wear is environment-specific. Aspects of the working environment 
that affect wear include load and types of loading (such as unidirec- 
tional sliding, reciprocating, rolling, vibratory, and impact), speed, 
temperature, type of counterbody (solid, liquid, or gas and their reac- 
tivity with the component surface), and type of contact (single phase 
or multiphase, in which the phases involved are liquid or solid parti- 
cles or gas bubbles). The severity of the environment defines the ex- 
tent of wear of a given solid surface. 


A simple classification system based on different types of interacting wear 
environments is given in Table 2.1. The counterbody may be a solid sur- 
face (resulting in adhesive wear), abrasive particle (causing abrasive 


Table 2.1 Classification of types of wear based on environmental interactions 

Type/mode Interacting environment Control 

Adhesive Similar or dissimilar material Alter surface properties; lubrication 

Abrasive Solid particles Alter surface properties 

Erosive Suspended particles in fluid media Change particle impingement angle by use of buffer 
plate or change in design; alter surface properties 

Corrosive Reactive fluids Alter surface properties; electrochemical methods 

Cavitation Collapsing of bubble carried in liquid Alter surface properties 

on surface 

Thermal Heat Alter surface properties; insulate the surface (e.g., by 
thermal barrier coating) 

Fatigue Alternative/cyclic stress Avoid local stresses; alter surface properties including 


Source: Ref 2.1 


residual stresses at surface 
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wear), suspended particle in fluid media (resulting in erosive wear), reac- 
tive fluid (causing corrosive wear), heat (resulting in thermal wear), stress 
cycle (surface fatigue), or a combination of two or more types of wear, 
such as corrosion-erosion. 

The list of types of wear is incomplete due to a large number of factors 
affecting the wear process. The type of primary action and the nature of 
wear mating can be considered important factors in classifying different 
types of wear. 

Blau used a classification system based on wear due to different me- 
chanical wear processes (Ref 2.14), thermal wear (by heat), and corrosive 
wear (oxidation, diffusion). 


Wear Equation 


The general form of the wear equation is based on the relationship de- 
veloped by Archard (Ref 2.15). The wear volume (V) is directly propor- 
tional to the sliding distance (d) and the applied normal force (F,) and 
inversely proportional to the hardness or yield stress (H) of the softer 
surface: 


F 
V=K—.d Eq 2.1 
F (Eq 2.1) 


The depth of wear (6) is expressed as: 


F d 
8=K—2.— Eq 2.2 
ae (Eq 2.2) 


where A is the area of contact, V ~ 6A, and K is the wear coefficient. 

The wear coefficient K is a proportionality constant number; K becomes 
equal to the wear volume per unit sliding distance when the applied nor- 
mal force is equal to the hardness (F, = H) or yield stress of the softer 
material. The wear coefficient K can be determined for a wear system 
from laboratory tests or field data. 

Hardness of the Material. Hardness is the only material property in- 
cluded in the wear equation. The indentation load for hardness determina- 
tion is selected according to the expected hardness of the material, so that 
the penetration of the indenter is limited to the near-surface region. Inden- 
tation hardness therefore indicates the hardness of the surface or near- 
surface region. The bulk of the material may or may not have the same 
hardness as that of the surface. The wear of material depends on the sur- 
face hardness of the solid. 

The surface hardness of material is also related to the binding energy 
and thus the surface energy, yield, or flow stress of ductile solids and the 
fracture toughness (K,,) of brittle materials. 
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Wear Volume. Wear is normally measured as the loss of material in 
volume from the surface(s) interfacing with the working environment (Eq 
2.1). For a worn surface, the depth of wear (6) is a measure of the dimen- 
sional loss of the working face of the component. The dimensional loss in 
the working surface of the component beyond a tolerance limit causes the 
equipment or machinery to malfunction. Malfunctioning is associated 
with higher energy loss and premature failure. The rapid dimensional loss 
due to the severity of the wear process makes the life span of the equip- 
ment or machinery shorter than the designed life. 

Material loss in terms of volume is directly related to the normal force 
and sliding distance and inversely to hardness. There is a progressive in- 
crease in wear with sliding distance and thus also with time. 

Wear Life. The wear rate can be high or low at the initial or run-in wear 
stage, followed by a steady wear-rate state and ending high in the final 
stage, leading to failure. The duration or time span of the steady wear state 
defines the working life of engineering components. With increasing se- 
verity in the environment, the time span of the secondary or steady stage 
decreases. In extreme cases, this leads to merger of the initial to final state, 
thus drastically cutting down the wear life. Wear rate is normally defined 
as the volume loss due to wear per unit sliding distance. 

Energy Loss in Wear. The energy required to remove material from the 
surface is considered the dissipation or loss of energy. The loss in energy 
is proportional to the volume loss at a given hardness. 

Estimation of Energy Loss. Methods of energy-loss estimation follow. 

Energy Loss from Hardness and Wear Volume. The Vickers hardness of 
the material is expressed as: 


Hardness in Vickers pyramid number (VPN) = 
2Psin(a/2)/d? = 1.8544P/d? = H (Eq 2.3) 


A diamond indenter of angle a is used to produce an indent of area d 
(mm?) on the surface of the material by an applied load, P (kilogram force, 
or kgf). 

Hardness (H) in VPN is expressed in kgf/mm? and is considered as the 
force required to produce an indent of unit area on the surface. Repetitive 
indentations by hard particles result in wear of material from the surface. 

In Archard’s equation (Eq 2.1), if F, = H, then V/d = K. The wear coef- 
ficient K of a material is equal to the wear volume (V) per unit sliding 
distance (d = 1) when the applied normal force (F) becomes equal to the 
hardness of the material (H). In other words, the applied force needed to 
remove K quantity of material for unit sliding distance is equal to the 
hardness of the material. 

For removal of K (wear coefficient), materials with hardness values of 
392 VPN (equal to a pressure of 1455 MPa, or 211 ksi, in accordance with 
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Eq 2.3) and 674 VPN (equal to a pressure of 2503 MPa, or 363 ksi, in ac- 
cordance with Eq 2.3) require approximately applied pressures of 1455 
and 2503 MPa (211 and 363 ksi), respectively. 

Energy is expressed as (Ref 2.16): 


Energy (E) = Force (F) x distance (d) 
Pressure (P) = F/A = F/d?; Volume = d? 
Energy (E) = Pressure (P) x Volume (V) = F- d 
= Volume (V) x Hardness (H) 
= V (1.8544P/d?) 
=K Fyd (Eq 2.4) 


where K is the wear coefficient for abrasive wear. 

In the standard test condition of ASTM G65, practice A, the applied 
load (F,) against the specimen is fixed at 130 N (29.2 Ib) as well as d, the 
linear distance, because the wheel diameter and number of revolutions are 
fixed. Therefore, under the given test parameters, the product VH for the 
material in the standard test is constant. 

Standard wear test results can be used to assess the comparative energy 
dissipation (loss) values of different materials. Equation 2.4 is particularly 
true where Archard’s equation is valid, such as in abrasive wear. 

Binding Energy at the Surface or Surface Energy. A crystalline material 
is made up of unit cells containing the repeat unit of atoms and molecules. 
The atomic or molecular units are bound by cohesive energy. The binding 
energy at the surface is less than that at the bulk. The energy associated 
with the atoms bound in the surface is the surface energy. The applied force 
(F) should be equal or greater than the surface energy in order to dislodge 
material from the surface. For example, tungsten, with a high binding en- 
ergy (8.66 eV), requires more energy than iron, with a lower binding 
energy, for removal of material from the surface by wear (Ref 2.17). In 
coating or a modified surface with high hardness, the surface energy is 
different than the bulk of solid material constituting the substrate. 

Yield Strength. The yield strength or proof stress of a material is de- 
fined as the stress at which material begins to deform plastically, leading 
to dimensional changes in the solid. The yield stress is therefore the mini- 
mum stress (energy) required to cause dimensional change in the solid 
through plastic flow of material. The deformation process leads to an in- 
crease in the yield stress with increasing strain and becomes equal to the 
tensile strength when the material is fully hardened. The wear resistance 
of the surface increases with deformation and is at maximum at the work- 
hardened state. 

Although hardness is used in Archard’s equation for wear (Eq 2.1), the 
yield stress is a better choice to define material wear. The stress required 
for the onset of deformation and wear of materials is equal to the yield 
stress and roughly equals the hardness in Vicker’s hardness number. 
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Wear Coefficient (K) of Different Materials and Wear Types. Stan- 
dard test results show specific ranges of K-values for different types of 
wear (Table 2.2). The wear coefficient values vary over wide ranges. The 
wear coefficient for adhesive wear (K an) for identical metal pairs ranges 
from 10~ to 107 (Ref 2.18). The wear coefficient for abrasive wear (Kap) 
ranges similarly, from 105 to 10-° (Ref 2.18). Erosion (K,,) ranges be- 
tween 105 and 107! (Ref 2.19). By selecting appropriate tribomaterial, 
reduction of wear on the order of 103- to 10°-fold can be achieved. 

Wear coefficient data can provide valuable information on the wear 
process, including (Ref 2.18): 


e Wear mode: By comparing the calculated K-value with field data or 
the experimentally obtained K-value, it is possible to identify the type 
of wear. 

e° The proper material and lubrication system: If the maximum allow- 
able wear rate, life expectancy, and loading conditions are specified, 
one can recommend the appropriate material and lubrication system 
from the value of the wear coefficient. 

e Material response to wear: The wear coefficient K establishes the pro- 
portionality and can be used as a measure of the material wear behav- 
ior (Ref 2.15). Both K and H reveal the material response and thus 
can be grouped in a single parameter, called the specific wear rate, k = 
K/H = V/F: d, which can be used instead of the wear coefficient K. 


Limitations of the Wear Equation. Archard’s equation can be used to 
a limited extent to describe the abrasive and adhesive wear but not ero- 
sion, fretting, contact fatigue, or corrosive wear. Each type of wear has a 
different mechanism, cause, and effect. In the case of adhesive wear, the 
equation can be applied to bearings, gears, and other sliding systems but 
not to rolling systems (Ref 2.20). 

Even with limitations, the formula is useful if the other influencing ef- 
fects are recognized and if experimentally derived data are judiciously 
applied to compensate for limitations. 


Table 2.2 Ranges of wear coefficients (K-values) 
for different types of wear 


Wear type K-value 
Adhesive (Kan) 

Identical metals 10 to 10-(a) 

Compatible metals 105 to 10-7(a) 

Partly compatible metals 10> to 10-7(a) 

Nonmetals on metals or nonmetals 10+ to 1055(a) 
Abrasive (Kb) 

Two-body abrasion 1025 to 1025 

Three-body abrasion 1025 to 10-(b) 
Corrosive (Koor) 107 to 1055 
Fretting (Kpr) 10+ to 10-(a) 
Erosion (K,,) 105 to 10-15 


(a) Depends on the extent of lubrication. (b) Depends on low or high abrasive 
content. Source: Ref 2.18 
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Wear Tests 


Standard wear tests are conducted to determine the amount of material 
removal during a specified test period under well-defined conditions. The 
ASTM International standard practices for wear tests are formulated by 
the respective subcommittees under ASTM Committee G-2. Some of the 
standards for adhesion, abrasion, and erosion tests are listed in Table 2.3. 
The results of the wear tests are reported as volume loss in mm. The wear 
coefficient K is calculated from the volume loss, applied load, sliding dis- 
tance, and hardness of the material. The standard test data are normally 
used for ranking the materials in accordance to their wear-resistant prop- 
erties for the specified type of wear. 

The depth of the wear scar is considered a reliable method for assess- 
ing material loss. A surface profilometer can measure and record these 
values with ease. A more exact method using a profilometer and computer- 
control equipment was developed by George and Radcliffe (Ref 2.21). 
This process produces an isometric plot of the wear scar; the wear scar 
volumes are calculated by the computer automatically. 

Wear simulation tests are carried out in a wear environment similar to 
that in actual working conditions for a particular application. Wear simu- 
lation test data are useful in controlling wear in the application for which 
the test is designed. 

To produce accurate, reproducible, and meaningful results in wear tests, 
one must strictly follow the procedures spelled out in the specification. 
Some of the important features of wear tests include: 


e Wear is expressed as volume loss. This is because there is no mass loss 
in deformation wear, although volume loss has occurred from the 
working surface. A 14 g loss from tungsten carbide (density of tung- 
sten carbide is 14 g/cm?) results in the same volume loss for 3 g of 
aluminum alloys (density of aluminum is 3 g/cm?). Hence, mass loss 
in wear provides deceptive wear data. 

e Any departure from the procedure stipulated in the standard must be 
reported along with the result. For example, ASTM G65, procedure A, 
stipulates 6000 wheel rotations. Any test result reported with fewer 
rotations should include the actual number of rotations with the data. 


Table 2.3 Selected ASTM International standard practices for wear testing 


Designation Standard test method for: 

G65 Measuring Abrasion Using the Dry Sand/Rubber Wheel Apparatus 

G105 Conducting Wet Sand/Rubber Wheel Abrasion Tests 

G75 Determination of Slurry Abrasivity (Miller Number) and Slurry Abrasion Response of Materials 
(SAR Number) 

G98 Galling Resistance of Materials 

G99 Wear Testing with a Pin-on-Disk Apparatus 

G73 Liquid Impingement Erosion Testing 

G76 Conducting Erosion Tests by Solid Particle Impingement Using Gas Jets 

G102 Calculation of Corrosion Rates and Related Information from Electrochemical Measurements 

G59 Conducting Potentiodynamic Polarization Resistance Measurements 


Source: Ref 2.1 
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e Wear data generated by a particular test cannot be extrapolated to lon- 
ger or shorter times (or loads). For example, the test results of ASTM 
G65, practice A (6000 rotations), should not be proportionally reduced 
to express them in terms of ASTM G65, practice B (2000 rotations). 
Similarly, tripling the short time test result of practice B should not be 
considered equal to wear data for practice A. 

° Standard test results are normally used for ranking similar materials 
for a particular type of wear. 


Mechanisms of Wear Processes 


Various material-removal processes, including cutting, plowing, delam- 
inating, and cracking, are mechanisms for the loss of material in wear. The 
degradation of materials properties from fluctuating stress or strain during 
cyclic fatigue is used to explain material loss through adhesive and con- 
tact fatigue wear. Corrosion losses occur through electrochemical reac- 
tions. Thermal wear arises from a combination of processes, including 
creep and thermal fatigue. 

Wear of hard ceramic materials (carbides, nitrides, oxides, and borides) 
with almost zero ductility depends mainly on fracture toughness. The hard- 
ness is related to the fracture toughness. Ceramic materials are extensively 
used for high-temperature applications. Their wear behavior in such ther- 
mal regimes is determined by measurements of hardness at the elevated 
temperatures in question. 

There are three types of polymeric materials: thermoplastics, thermo- 
sets, and elastomers. The deformation behavior varies with each type. The 
amorphous polymeric material transforms to a glassy structure at a low 
temperature, known as the glass transition temperature. They remain plas- 
tic in the temperature zone between the glass transition temperature and 
the melting point. Compared with metals and ceramics, the hardness of 
plastic materials is very low. Therefore, the hardness does not play any 
significant role in the wear of plastic material. 

Based on analysis of the parameters responsible for wear of mechanical 
parts, the percentages of the parts subjected to different types of wear are 
indicated as (Ref 2.22, 2.23): 


Type of wear Mechanical parts, % 
Abrasive 50 

Adhesive 15-19 
Erosion 8 

Fretting 8 
Corrosion/chemical 5 
Combination (combined abrasive, erosive, and 14 


corrosive wear) 


The associated aging processes, such as fatigue, creep (or thermal), or 
repeated impact, lead to accelerated wear of material. 
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Abrasion 


In abrasive wear, loss of material from the surface is caused by sliding 
abrasives under load. Both free-flowing particles and abrasives attach to 
the counterbody, causing wear. 

Approximately 50% of mechanical parts are subjected to abrasive wear 
(Ref 2.22, 2.23), making it the largest tribological sink for energy and ma- 
terials. Mining, mineral processing, and earthmoving equipment and ma- 
chinery are subjected to high energy processing, such as crushing and 
grinding, which lead to high energy dissipation. They are also subjected to 
heavy abrasive wear. The counterbodies for these applications are miner- 
als, soil, and ubiquitous quartz or sand. The high-hardness sand or quartz 
plays a major role in the abrasive wear of materials. 


Wear Equation 
Archard’s (Ref 2.15) equation (Eq 2.1) is used for abrasive wear: 


V=K,,,: Fy dH (Eq 2.5a) 
where 
Ky, = K+ a+ cota/t (Eq 2.5b) 


This equation is derived from the action of a single particle with an angle 
of attack (2a) and a load (F,,) causing wear on a work-hardened surface of 
hardness H. 

The wear of a material is expressed in terms of volume loss (V). The 
wear resistance of a material is therefore indicated by the inverse of vol- 
ume loss. 


Variables Affecting Abrasive Wear 


Angle of Attack (a). Wear is a cotangent function of the angle of at- 
tack. A more acute angle of sliding results in higher wear. The maximum 
wear rate occurs at a critical angle of attack. The critical angle decreases 
with increasing hardness of a given steel. 

Sliding Distance (d). By increasing the sliding distance, more surface 
area is covered. The increase in sliding distance results in more material 
loss from the surface. 

Load (F,,). With higher loads, the cutting or plowing action of the abra- 
sives is more severe, resulting in more wear. Under low-stress conditions, 
the abrasives form scratches or microcuts on the surface, leading to less 
material removal. 

Hardness of Abrasive Particles (H,) and Material (H). The higher 
the hardness of a work-hardened surface, the lower is the wear volume. 
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However, the ratio of abrasive hardness (H,) to the metal hardness (H) is 
an important parameter for abrasive wear. The transition from high to low 
wear takes place when the ratio of H,,/H, is in the range of 0.7 to 1.1. 

Shape and Size of Abrasives. Among the variables affecting wear, the 
shape and size of the abrasive particles are not accounted for in the equa- 
tion. However, in general, rounded particles are found to cause less wear 
than sharp-edged particles. At a grit size of less than 1 um, a transition 
from cutting to sliding wear occurs, causing less material removal. 


Types of Abrasive Wear 


Two types of abrasive wear (Ref 2.24) can be defined based on the 
degree of stress in the metal surface or the number of components in- 
volved. 

Two-Body Low-Stress Abrasion. Under low-stress conditions, abra- 
sive particles sliding against a metal surface cause scratches or microcuts, 
forming slivers or small chips (i.e., lost material). The stress involved nor- 
mally does not cause fragmentation of abrasives. Because two bodies are 
involved (i.e., the abrasive and the component surface), this type of wear 
is also known as two-body abrasion. Two-body abrasive wear, with low 
velocities and low stress, occurs in earthmoving equipment, agricultural 
implements, classifiers, screens, and augers. High-velocity, low-stress 
two-body abrasion occurs in slurry pumps, nozzles, cyclones, and sand 
slingers. 

Three-Body or High-Stress Abrasion. When the abrasive particles are 
forced between two mating surfaces, high-stress abrasion occurs, leading 
to loss of materials from both component surfaces. This type of wear is 
known as three-body abrasion. Under extreme high-stress conditions, it is 
known as gouging abrasion. Impacting abrasives or abrasives under high 
compressive stress may lead to fragmentation of the abrasives themselves. 
Equipment subjected to three-body abrasive wear includes ball and rod 
mills, pulverizers, sprockets, rollers, brake drums, and roll crushers. 


Abrasive Wear Tests 


The most widely used abrasive wear test method is ASTM G65. The 
dry sand rubber wheel abrasion test practice (ASTM G65) involves abra- 
sion by free-flowing grits (sand) sandwiched between a test specimen 
under load against a rotating rubberized wheel for a stipulated time pe- 
riod. The size of the test specimen, surface finish, shape and size of abra- 
sives, time, load, rubberized wheel size, and speed of rotation are specified 
in the test procedure. 

Abrasive wear is expressed as volume loss per unit sliding distance. 
Wear resistance is also expressed in terms of the wear factor (WF), or the 
inverse of the volume loss. The practice (ASTM G65) covers four recom- 
mended procedures that are appropriate to a specific degree of wear resis- 
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tance and thickness of test material. The test parameters for the four 
procedures are given in Table 2.4. 

Another standard abrasive wear test is the wet sand rubber wheel abra- 
sion test, as described in ASTM G105. The reproducibility of the results is 
not as good as those obtained in the dry sand rubber wheel abrasion test. 

In addition to standard tests, wear simulation tests are carried out for 
specific applications. For example, specimens in the blow bar form are 
tested for crushing life in a Hazemag rotary impact crusher (Ref 2.26). 

Material loss in a two-body abrasion can be high compared to a three- 
body abrasion, and abrasive wear is higher than adhesive wear per unit 
sliding distance (Ref 2.18). For two- and three-body abrasion, the wear 
coefficient ranges are: 


* For two-body abrasion, K» varies in the range from 10°°* to 1075. 
* For three-body abrasion, K» varies in the range from 10° to 10°. 


The range includes the maximum to minimum value of wear coefficient of 
different wear-resistant materials, within which the abrasive wear of the 
material can be controlled. 


Wear Volume, Energy Loss, and Life Cycle in Abrasion 


As pointed out by Nosonivsky and Bhushan (Ref 2.9), the basic goals 
in green tribological efforts to reduce emissions should primarily include 
reduction of material loss, reduction of energy loss, and life-cycle exten- 
sion. Standard abrasive wear test results are analyzed in the following 
three sections with respect to material loss, energy loss, and life-cycle 
extension. 

Material Loss in Abrasive Wear. Abrasive wear data are mostly evalu- 
ated by ASTM G65 tests. Analysis of the volume-loss data in standard 
tests conducted on various materials indicates effective ways to control 
volume and energy loss in the abrasive wear process. 

The hardness and crushing strength of selected abrasives in bulk and 
grit forms are indicated in Table 2.5 (Ref 2.27). 

The abrasive wear volume data of various coating materials obtained in 
tests conducted in accordance with ASTM G65, practice A, are included 
in Table 2.6 (Ref 2.28). 


Table 2.4 Test parameters for the rubber wheel abrasive wear test 


Specified Force against specimen, 

procedure N (Ib) Time, min Wheel revolutions Linear abrasion, m (ft) 
A 130 (29.2) 30 6000 4309 (1313) 

B 130 (29.2) 10 2000 1438 (438) 

C 130 (29.2) 0.5 100 72: (22) 


D 45 (10.1) 30 6000 4309 (1313) 


Source: Ref 2.25 
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Table 2.5 Hardness and crushing strength of abrasives 


Crushing strength Crushing strength 
Abrasive Hardness, HV (bulk), kg/mm? (40 grits), kg/mm? 
Limestone 133 3.91-5.82 1.35-15.89 
Fluorite 168 1.38-3.16 1.87-23.49 
Glass 569 3.73-4.09 1.61-—70.60 
Quartz 1108 5.82-14.64 6.64-19.90 
Alumina 1887 41.82-62.73 3.80-140.7 


Source: Ref 2.27 


Table 2.6 Abrasive wear volume, rate, and corresponding hardness ratio 


Wear rate, 
V/sliding 
Hardness Ratio Wear volume distance(c), 
Serial No./material Deposition process (Hm) HV  A,,(a)/H ay, (V)(b), mm? x 10° 
1. WC + 12Co Thermal spray 1020 0.920 2:7 0.626 
2. 75CrC + 25NiCr Thermal spray 773 0.6976 3.2 0.742 
3. Stellite 6 Weld 392 0.354 29.0 6.73 
4. Stellite 12 Weld 471 0.425 19.0 44 
5. Stellite 1 Weld 577 0.521 12.0 2.785 
6. Colmonoy 83 NiCrBSi+ WC Gas welding 697 0.629 10.0 2.32 
7. Colmonoy 56 NiCrBSiC Gas welding 498 0.449 15.0 3.481 
8. D2 steel Wrought 697 0.629 12.0 2.785 
9. CPM9V(Cr/V/Nb) Hot isostatic pressing 595 0.537 9.5 2.20 


(a) Hardness of quartz, HV; H» = 1108 HV. (b) ASTM G65, practice A. (c) Sliding distance = 4309 m (ASTM G65, practice A). Source: 
Ref 2.28 


The hardness of test materials varies from 392 HV (Stellite 6) to 1020 
HV (WC + 12% Co). The list of test sample materials includes wrought 
D2, CPM9V (hot isostatic pressing process), and coatings of different 
materials formed by various processes, such as plasma welding (Stellite 1, 
6, and 12), thermal spray (WC-12%Co), and gas welding (Colmonoy 56 
and 83). 

In ASTM G65, quartz sand of hardness (H,,,) 1108 HV is used as abra- 
sive. The calculated hardness ratios along with the corresponding wear 
volume, wear rate, and life cycles are included in Table 2.6. The plot of 
wear volume against the corresponding hardness ratio (H/H) is shown 
in Fig. 2.2. 

According to Kruschov and Babichev (Ref 2.25), the empirical relation 
between wear and the hardness ratio (H,,/H,,,) is expressed as: 


H/H > 0.7, wear is low (Eq 2.6a) 
H/H < 0.7, wear is high (Eq 2.6b) 


The wear rate decreases substantially from 4.4 x 10~ (Stellite 12) with 
a hardness ratio of 0.425 to 0.626 x 10% (WC + 12Co) with a hardness 
ratio of 0.920. 

The plot of H/H» (Fig. 2.2) against wear volume indicates a sudden 


drop in wear volume as the hardness ratio approaches the value of 0.7. 
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The test, covering a wide range of coating materials with different hard- 
ness values and processing/surfacing techniques, follows the empirical 
relation between the wear and hardness ratio (H/H) (Fig. 2.2). In abra- 
sive wear, therefore, the hardness ratio (H/H) Constitutes an important 
criterion for selection of wear-resistant materials. The hardness ratio 
should be approximately 0.7 or above to minimize wear loss in abrasion. 
A ratio below 0.7 leads to drastic change in wear rate. 

Energy loss in abrasive wear is calculated from the wear volume loss 
(V) in a standard test (ASTM G65) multiplied by the corresponding hard- 
ness of the material (H) (Eq 2.4.) The calculated energy consumption 
values for a wide range of materials are shown in Table 2.7.The values in 
the table indicate: 


e In general, energy consumption increases with wear volume. For ex- 
ample, for Stellite 12 with a wear volume of 19 mm?, the energy con- 
sumption is 4837 kg - mm, while that of WC-12Co is 1488.6 kg - mm 
for a wear volume of 2.7 mm. Higher-hardness material produces less 
wear. Hence, unless lower volume loss compensates for the corre- 
sponding increase in hardness, the energy requirement is lower for 
higher volume loss. For example, WC-12Co (1020 HV) with 2.7 mm? 
wear shows an energy loss of 1488.6 kg - mm, while 75CrC-25NiCr 


Wear Volume, mm3 


0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 16 
Hm/Hapr Ratio 


Fig. 2.2 Wear volume of different hardness (H) surfaces by sand as abrasive 
vs. Ha/Ha ratio. Hap is hardness of quartz. 
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Table 2.7 Energy consumption and wear coefficient of materials in abrasive wear 


Energy 
consumed Wear 

Material Wear volume (HV/1.85), coefficient Wear rate Life 

(hardness in VPN)(a) (V), mm? kg: mm (Kaw) x 10 (V/d), x 10-6 cycle Energy savings, % 
WC-12Co (1020) AT 1488.6 0.482 0.626 7.05 75.37 
75CrC-25NiCr (773) 3.2 1337 0.432 0.742 5.93 78.25 
Colmonoy 83 (697) 10.0 3767.5 1.22 2.320 1.9 38.69 

D2 steel (697) 12.0 4521 1.46 2.784 1.58 26.43 
CPM9V(Cr/V/Nb) (595) 9.5 3055 0.99 2.204 2 50.52 
Stellite 1 (577) 12.0 3742.7 1.21 2.784 1.58 39.09 
Colmonoy 56 (498) 15.0 4037.8 1.30 3.480 1.26 37.29 
Stellite 12 (471) 19 4837 1:57 4.408 1 21.28 
Stellite 6 (392) 29.0 6144.87 1.99 6.728 0.65 Reference standard 


(a) VPN, Vickers pyramid number. Source: Ref 2.28 


(773 HV) with a slightly higher wear of 3.2 mm? has a lower energy 
consumption value of 1337 kg - mm. 

e Higher-hardness material such as WC-12%Co (1020 HV) with a sig- 
nificantly lower wear volume of 2.7 mm? leads to consumption of ap- 
proximately one-third the energy required for removal of 12 mm? by 
wear from D2 with a lower hardness of 697 HV. 

e Maximum savings in energy (78.25%) compared to that of Stellite 6 
occurs with 75CrC-25NiCr with a hardness of 773 VPN, due to a low 
abrasive wear volume of 3.2 mm?. 

° By replacing Stellite 6 with Stellite 1, Colmonoy 83, or WC-12Co, it 
is possible to save energy at approximately 39.09, 38.69, or 75.37%, 
respectively. 

° The quantum of energy consumed in removal of material by abrasive 
wear and the corresponding hardness data are plotted in Fig. 2.3. Also 
plotted are the wear coefficients against the hardness of the corre- 
sponding material. The figure indicates linear variations of energy 
consumption and wear coefficient (within a range of scatters) directly 
with the hardness of the material. 


Effect of Composition on Wear and Energy Consumption. High- 
chromium white cast irons are extensively used in abrasive wear applica- 
tions in mineral-handling plants. The weld overlays of two alloys with 
similar carbon contents but different chromium percentages are tested for 
abrasive wear by ASTM G65. The test data on wear volume of different 
materials (Table 2.8) are collected from literature (Ref 2.29). In weld 
overlays using the manual metal arc welding (MMAW) process, the fused 
weld metal can become diluted by picking up approximately 30% (maxi- 
mum) metal from the substrate (Ref 2.30). Based on the original composi- 
tion, the diluted chromium level in each layer is calculated. The original 
and diluted compositions and the corresponding wear and energy data are 
shown in Table 2.8. 
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Important points are: 


e The high abrasive wear of mineral-processing equipment requires a 
heavy buildup of wear-resistant overlay alloy. The buildup of 9 mm 
thick three-layered deposit from 4 mm diameter flux-coated manual 
metal arc electrode is not uncommon in mineral-dressing operations. 
Technoeconomics in this case favor building up weld overlays with 
cheaper white cast iron with good to moderate wear-resistant proper- 
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Fig. 2.3 Energy consumed and wear coefficient vs. hardness 


Table 2.8 Composition, hardness, wear, and energy dissipation in abrasion 


Energy 
Hardness Wear volume consumed Kayo 
Alloy Chromium, % (H), VPN (V), mm? (H x V/1.85) x 10-4 
Alloy 1: Fe-35Cr-4.3C 35 iis ie se ss 
Ist weld layer: 3.01C 24.5 602 37S 12,202 3.95 
2nd weld layer: 3.91C 31.85 643 19.5 6777 2.19 
Alloy 2: Fe-23Cr-4.2C-3.5W-5.25Nb- 23 + W/Mo/Nb/V ane aii p ite 
4.1Mo-1.5Si-0.8V 
Ist weld layer: 2.45W-3.78Nb-2.67Mo- 16.1 + W/Mo/Nb/V 586 49.5 15,679 5.07 
0.56V-3.04C 
2nd weld layer: 3.18W-4.91Nb- 20.93 + W/Mo/Nb/V 672 35.7 12,968 4.51 
3.71Mo-0.728 V-3.91C 
3rd weld layer: 3.4W-5.25Nb-3.98Mo- 22.38 + W/Mo/Nb/V 702 18.8 7,134 2.48 
0.778V-4.31C 


Source: Ref 2.29 
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° The second layer of MMAW-deposited unalloyed high-chromium iron 
of 31.85% Cr has a wear volume of 19.5 mm3, similar to that of the 
third layer containing 22.38% Cr with 18.8 mm? as the wear volume. 


In unalloyed high-chromium iron, the chromium carbide precipitates 
are responsible for strengthening the matrix. High-chromium iron alloyed 
with strong carbide formers, such as tungsten, molybdenum, and vana- 
dium, further strengthens the matrix, resulting in less wear even with less 
chromium in comparison to unalloyed cast iron. The lower hardness of 
high-chromium iron at slightly higher wear volume (0.7 mm?) in this case 
leads to less energy dissipation in comparison to alloyed cast iron. In the 
case of multilayer-thick weld surfacing, it is therefore technoeconomi- 
cally beneficial to use high-chromium iron than more costly alloyed iron. 

Life-Cycle Extension. The specific abrasive wear rate (w) is defined 


by: 
w=AW/d (Eq 2.7) 
where AW is the volume loss, and d is the sliding distance. 

The specific abrasive wear of selected materials (Ref 2.29) and their 
comparative life cycles are shown in Table 2.7. The life-cycle graph 


(Fig. 2.4) includes comparative values, assuming the life cycle as 1.0 at a 
wear rate of 2.20 x 10°. 
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Fig. 2.4 Variations in life cycle with wear rates in selected materials 
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Comparative life cycles decrease with the wear rate (Fig. 2.4). The life 
cycle of a component can be increased sevenfold by replacing Stellite 6 
with WC + 12Co as the coating material. A sixfold improvement in life 
cycle by replacing Stellite 6 with 75CrC + 25NiCr is a technoeconomi- 
cally more viable proposition than the use of expensive WC + 12Co. 

Case History. The high wear of earthmover cutting teeth was initially 
reduced by replacing cast steel (life of 5 to 10 h) with hardfacing high- 
chromium white iron (life of 150 h); still longer life was achieved with 
WC overlay (350 h) and furthered by using finer WC granules (500 h). In 
addition to savings in materials and energy, this step led to reduction in 
fuel consumption due to less horsepower needed for longer retention of 
sharp cutting edges of the teeth (Ref 2.31). 


Abrasive Wear Mechanism 


The properties of abrasive particles, such as their hardness, angle of at- 
tack, and the hardness of the material, determine the extent of abrasive 
wear. Material removal can be caused by either plastic deformation, lead- 
ing to groove formation with subsequent detachment of work-hardened 
lamellar microchips, or fracture of the material, with limited toughness 
(Ref 2.32). 

The removal of material by abrasive action can be caused by plowing, 
wedge forming, or cutting, depending on the hardness and depth of pene- 
tration of the abrasive (Ref 2.33). Profiles of the grooves formed by the 
three different types of metal-removal mechanisms during abrasive wear 
are shown in Fig. 2.5. In ductile materials with low hardness, the predomi- 
nant mode of abrasive metal removal is by plowing. With increasing hard- 
ness, cutting becomes predominant. Within a certain hardness range, the 
transition from plowing to cutting occurs in steel (Fig. 2.6). 

For brittle materials, plastic deformation is negligible. Elastic contact 
between the abrasive and the brittle material leads to Hertzian fracture on 
the surface. Hertzian fracture occurs in brittle material when a spherical 
indenter is loaded statically or dynamically onto the surface. The fracture 
produces a well-defined ring crack with loss of fragmented materials from 
the surface. The phenomenon has been explained by the Hertz theory of 
elastic contact. 


a T 


(a) (b) (c) 


Fig. 2.5 Profiles of grooves formed during abrasive wear. (a) Plowing. 
(b) Wedge forming. (c) Cutting. Source: Ref 2.1 
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Fig. 2.6 Relation between hardness and different mechanisms of metal re- 
moval in abrasive wear. The dotted curve shows the transition be- 
havior for steels. Source: Ref 2.32 


The loss of fragmented particles from the fractured surface is the pri- 
mary mode of abrasive wear in brittle materials, as seen in the brittle zone 
of Fig. 2.6. The degree and extent of cracks depend on the hardness and 
the fracture toughness parameter (K,,). For the same hardness, the wear 
resistance decreases with the loss of ductility in brittle material. This oc- 
curs due to change in the wear mechanism (Fig. 2.6). 


Abrasive Wear Mechanism Map 


With an increase in the degree of penetration, the abrasive wear mecha- 
nism changes from plowing through wedge forming to cutting (Fig. 2.7). 
The degree of penetration (D,) can be defined as the ratio of the groove 
depth (h) to half of the contact width (a), or: 


D, = h (Eq 2.8) 
a 


The abrasive wear diagram in Fig. 2.7 (Ref 2.33) shows three different 
types of wear modes as functions of hardness and degree of penetration 
(D,). The diagram is based on scanning electron microscopy studies on 
the extent of penetration by the indenter. 

The transitions in wear modes from plowing to wedge forming to cut- 
ting occur at certain critical values of the degree of penetration. 

The critical degree of penetration, where the transition between plow- 
ing and wedge forming occurs, is found to be independent of hardness. 
The transition from plowing to wedge forming occurs at a critical value of 
D, = 0.175. 

However, the critical degree of penetration for the transition from 
wedge forming to cutting decreases with increasing hardness (Fig. 2.7). 
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2.7 Abrasive wear mechanism diagram. D¥*, critical degree of penetra- 
cutting occurs. Source: Ref 2.33 


Fig. 


(200 HV) to 0.22 for hard (800 HV) materials. A depth of penetration 
higher than the critical value for transition from wedge forming to cutting 


The transition from wedge forming to cutting occurs at D, = 0.43 for soft 
leads to rapid removal of material by wear. 


Abrasive Wear-Resistant Materials (Ref 2.1) 


Abrasive wear by hard particles occurs in many different situations, 
such as in earthmoving equipment, slurry pumps or pipelines, rock drill- 
ing, rock or ore crushers, pneumatic transport of powders, dies in powder 


metallurgy, extruders, or chutes. Some useful guidelines for the selection 


of materials to resist abrasive wear include 


The martensitic matrix hardness of 700 HV (60 HRC) is lower than the 


hardness of 1108 HV observed for common silica abrasive. Therefore, 
the hardness ratio of martensitic matrix and quartz is close to 0.63. 


strong martensitic matrix with high deformation 


2 


r, a tough 
and crack propagation resistance can show reduced wear. 


Howeve 


, strain-induced phase transfor- 


thermal softening, and precipitation hardening. Materials with 


surface by abrasive action may change the worn surface through dy- 
high recrystallization temperatures (iron-, cobalt-base alloys) or sus- 


namic recovery and recrystallization 


The combination of high strain and a transient temperature rise at the 
mation 
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ceptible to strain-induced transformation (high-manganese Hadfield- 
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type steels) or hardened by precipitation (maraging steels, high- 
strength steels) are good for high-stress abrasive wear applications. 

e Cast irons containing fine, well-dispersed titanium carbide (TiC) and/ 
or niobium carbide (NbC) are recommended for high-stress, three- 
body abrasive wear applications. The chance of fragmentation and re- 
moval of carbides by heavy compressive loading is reduced in TiC- 
dispersed cast irons when compared with the behavior of those 
containing large chromium or tungsten carbide precipitates. However, 
large particles of chromium or tungsten carbides in the matrix resist 
wear through low-stress, two-body abrasion. The hardness values of 
chromium carbide, tungsten carbides, niobium carbide, and titanium 
carbide are (CrFe),C, = 1700, WC = 1278, W,C = 2112, NbC = 2400, 
and TiC = 2750 HV. The ubiquitous sand particles in minerals and 
clays are the primary cause of abrasive wear in mining, agriculture, 
and other industries handling such materials. The hard carbides lead to 
an H/H ratio (H = 1108 HV, quartz) of more than 1. Hence, the 
presence of high-hardness carbides reduces the abrasive wear of mate- 
rials. The most widely used alloys for abrasive wear applications be- 
long to the high-chromium cast-iron-base group, with or without hard 
carbides of molybdenum, tungsten, titanium, and niobium. 

e Ceramics perform well for chutes used in handling coke but show poor 
performance in chutes for handling sinter. Cast irons, on the other 
hand, are excellent wear-resistant materials for chutes carrying sinters. 
The impact on the chute surface is higher when handling sinters than 
when handling coke. 


Adhesion and Friction 


In adhesive wear, the sliding surfaces under load adhere together 
through solid phase welding of asperities. Subsequent detachment from 
either surface results in loss of material. For similar metals, the junction 
formed between asperities is stronger than that of parent metals, because 
of work hardening during the sliding process. Material is lost through re- 
moval of lumps from either or both of the mating faces. For dissimilar 
metals, when the welded asperity junction is shared, part of the weaker 
metal is lost. Adhesion also appears to be greater between materials hav- 
ing mutual solubility at the temperature of contact. Adhesive wear of dis- 
similar pairs is generally lower than for similar metal pairs. 

Adhesive wear consists of two parts: the wear of material from sliding 
surfaces and the resistance to sliding motion by the surfaces. The latter is 
termed the friction. 

Adhesive wear occurs in 15 to 19% of mechanical parts (Ref 2.22, 
2.23). However, adhesion is the most widely researched subject in tribo- 
science because it includes two other parts of triboscience: friction and 
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lubrication. The frictional forces cause resistance to motion, and lubri- 
cants are used to overcome friction. 


Adhesive Wear Equation 


According to Archard (Ref 2.34), the general wear equation can be used 
for adhesive wear: 


F-K 2 (Eq 2.9) 
d adh “Fr q4. 


where V is the volume of wear (in.%); F, is the normal load (lb); d is the 
sliding distance (ft); H is the penetration hardness of the softer material in 
the pair, which can be replaced by the flow stress (o,) of the wearing sur- 
face (psi); and K anis the wear coefficient. 

The equation predicts that wear is a linear function of the sliding dis- 
tance (d) and load (F,,) when the hardness or flow stress of the softer 
material (H ) is constant; it agrees with general experience. 


Friction and Coefficient of Friction 


In adhesive wear, in addition to loss of material from the working sur- 
face, the mating surface also resists the relative motion of the sliding pair 
by frictional force. The friction force (F) is proportional to the normal 
applied load (F,): 


F=u-F, (Eq 2.10) 
where wu is the coefficient of friction. The coefficient of friction is a con- 
stant for a given mating pair of materials with surfaces in sliding contact 
with one another. 

With surfaces at rest relative to each other, u, is the coefficient of static 
friction. For surfaces in relative motion, u, is the coefficient of kinetic 
friction. The u, is usually larger than the j1,. Most dry materials in combi- 
nation have friction coefficient values between 0.3 and 0.6. Values outside 
this range are rare, but synthetic fluorine-containing resins and newer 
coatings such as diamond-like carbon and graphite-like carbon, for ex- 
ample, can have coefficients of 0.04 or lower. 

Friction between the two surfaces converts kinetic energy into heat. The 
heat generation can have major effects in the adhesive (frictional) wear 
process, such as performance degradation and damage to the components. 

The wear rates, coefficient of friction (u), and K an values of some self- 
mated pairs are given in Table 2.9. The high values of the friction coeffi- 
cient lead to an increase in energy dissipation. 

Frictional coefficients (u) of common engineering materials vary from 
0.18 (polytetrafluoroethylene, or PTFE) to 0.62 (mild steel) (i.e., a multi- 
ple of only approximately 3.5), while wear coefficients for adhesion (K ap) 
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Table 2.9 Coefficients of adhesion, friction, and wear rate of 
self-mated pairs 


Material pair Wear rate, cm3/em Coefficient of friction (u) Kaan 

Mild steel 1.57 x 107 0.62 7.0 x 107 
Polytetrafluoroethylene 2.0 x 10° 0.18 2.5 x 10° 
Stellite 3.2 x 10-10 0.60 5.5 x 105 
Ferritic stainless steel 2.7 x10" 0.53 1.7 x 10% 
Polyethylene 3.0 x 101 0.65 1.3 x 107 
Tungsten carbide 2.0 x 10-2 0.35 1.0 x 10° 


Source: Ref 2.34 


show variation over a wide range of 105, from 10 (mild steel) to 107 
(polyethylene). 

With a similar friction coefficient, the mild steel pair has a high K anand 
wear rate in comparison to the polyethylene pair with a low K,,, and wear 
rate. Tungsten carbide, with a higher K a (approximately 10 times) but 
lower u (almost half) compared to that of polyethylene, shows a wear rate 
approximately tenfold less than polyethylene. Here, a high Kap and com- 
paratively low u result in lower wear rate, in comparison to other pairs 
with a lower Ka and higher u. The PTFE pair with the lowest u shows 
higher wear rates compared to that of the high-u materials (e.g., ferritic 
stainless steel) with similar Ką values. In self-mating pairs, it is difficult 
to find correlation among u, K a and wear rate. 

Low wear rate extends the life cycle of the component. The wide range 
of 107 to 10°? in the wear rate of the materials (Table 2.9) provides an 
opportunity to prolong the life of the component by 10° times (theoreti- 
cally) through replacement of mild steels by tungsten carbide. The reduc- 
tion in the coefficient of friction from 0.62 to 0.35 in the replacement 
process results in a savings of frictional energy loss by approximately half 
of that due to mild steel. Therefore, it is possible to improve the life cycle 
and also reduce energy dissipation (due to low friction) by replacing cheap 
mild steel with expensive tungsten carbide. 

Range of Adhesive Wear Coefficient for Dissimilar Couples. The 
range of the wear coefficient values of self-mated metal couples has the 
longest span (10°), from the highest (10-7) in the mild steel couple to the 
lowest (1077) in the polyethylene couple. The span grows shorter from 
compatible to partly compatible couples and finally nonmetal-metal and 
self-mated nonmetal couples (Ref 2.18). The nonmetal-on-metal or non- 
metal couple shows the lowest coefficient of adhesion, followed by a pro- 
gressive increase through partly compatible, compatible, to identical or 
self-mated metals (Table 2.10). 


Adhesive Wear Test Methods 


The Society for Tribology and Lubrication Engineers documented ap- 
proximately 300 test methods under 12 categories for frictional wear and 
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Table 2.10 Adhesive wear coefficients of 
different types of couples 


Couples Adhesive (K an) 
Identical metals 107 to 107 
Compatible metals 1025 to 107 
Partly compatible metals 107 to 107 
Nonmetals on metals or nonmetals 10+ to 1055 


Source: Ref 2.18 


lubrication testing. However, most tests on adhesive wear are based on the 
following three practices: 


e Pin-on-disk (unidirectional) (ASTM G99): Common test for finding 
out wear coefficients 

e Pin (or block)-on-ring (unidirectional) (ASTM G77): Geometry repro- 
duces the type of motion found in rotating machinery with edge con- 
tact, such as a cam and follower system in an internal combustion 
engine. 

e Pin-on-plate (reciprocating): Geometry reproduces the motion found 
in reciprocating systems, such as the piston in internal combustion 
engines. 


Galling-Resistance Test. The definition of galling is suggested in 
ASTM G98 as “a severe form of wear characterized by localized macro- 
scopic material transfer or removal or formation of surface protrusions 
when two solid surfaces experience relative sliding under load.” The test 
method stipulated in ASTM G98 adequately covers the method for testing 
the galling resistance of materials. The load at which galling or seizure of 
the test material occurs with the counterbody is the galling load. 

A simple alternative method for testing galling resistance is to deter- 
mine the galling load, which corresponds to the onset of galling (Ref 
2.35). A precalibrated spring is used to gradually load the pin specimen 
(attached to the tool post of a lathe) against a rotating counterplate mate- 
rial fitted into the lathe chuck. The load at which the pin tends to gall onto 
the plate is the galling load and is reported as the threshold below which 
the material does not gall. The spray-fused deposit of a NiCrSiBC alloy 
(38 HRC), when tested for galling resistance against similar alloys of higher 
hardness (50 HRC), did not gall up to a stress of 53 kg/mm? (75,000 psi). 
The galling resistance under specified load is a primary requirement for a 
number of sliding wear applications, such as pump seals and wear rings 
for pumps. 

Simulated Wear Tests. Standard wear test results are useful in ranking 
of materials according to their wear values from a given test. To select 
wear-resistant materials to suit working environments, it is advisable to 
conduct wear simulation tests in a wear envelope similar to that of the 
working environment (Ref 2.36). 
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Adhesive Wear of Similar Couples. The adhesive wear tests of simi- 
lar couples were conducted in a Taber Met-abrader (Taber Industries) with 
a 16 lb load, 105 revolutions/min, for 10,000 cycles using no lubricant 
(Ref 2.37). The wear volume and relative wear life of selected couples is 
indicated in Table 2.11. 

In nickel-base alloys, the wear volume decreases with the increase in 
hardness (Table 2.11). Thus, the volume loss in Inconel 750 (38 HRC) is 
less than one-fourth that of 20Cr-80Ni (87 HRB). A similar trend is ob- 
served for cobalt alloys. The improvement in life cycle follows the wear 
volume. Adhesive wear of self-mated ferritic stainless steels is superior to 
austenitic, followed by precipitation-hardening (PH) grades. Martensitic 
stainless steels show poor wear resistance despite their high hardness 
(Table 2.11). Adhesive wear of nickel alloys falls in between austenitic 
and martensitic stainless steels. Cobalt alloys and coatings such as ni- 
trided surfaces and chrome plating show superior wear resistance com- 
pared to the other two corrosion-resistant alloys. The comparative life 
cycles of different materials are calculated on the basis of the life cycle of 
Waspaloy (iron base) as 1 at a volume loss of 0.137 cm? (Table 2.11). 

Wear volume of the self-mated pair in the selected couples (Table 2.11) 
varies widely from 2.29 cm? for AISI 431 to 4.66 x 103 cm? for AISI D2 
tool steel, providing opportunities to save material and energy loss through 
selection of appropriate self-mating pairs for adhesive wear application. 
Life-cycle improvement of several fold can be achieved. 

Self-mated alloys show a decreasing number of life cycles (compared 
to Waspaloy as 1) in the following order: nitrided precipitation-hardening 
stainless steel (75 HRC), D2 tool steel (61 HRC), AISI 4337 (52 HRC), 


Table 2.11 Adhesive wear of selected corrosion-resistant self-mated couples 


Hardness Wear volume, Relative 
Alloy (Rockwell) HV cm? wear life 
Waspaloy 36 HRC 354 0.137 1 
A-286 33 HRC 327 0.208 0.658 
Inconel 750 38 HRC 372 0.114 1.201 
S-Inconel 25 HRC 266 0.239 0.573 
Monel K500 34 HRC 336 0.361 0.379 
20Cr-80Ni 87 HRB be 0.487 0.281 
Nitrided precipitation-hardening (PH) stainless steel 75 HRC >1100 0.00449 30.5 
Stellite 6B (Co-alloy) 48 HRC 484 0.013 10.54 
Haynes 25 (Co-alloy) 28 HRC 286 0.024 5.70 
Silicon bronze 93 HRB oe 0.064 2.14 
Brass 72 HRB bas 1.50 0.091 
AISI 1034 95 HRB si 1.718 0.079 
AISI 4130 47 HRC 471 0.118 1.16 
AISI 4337 52 HRC 544 0.00739 18.53 
AISI D2 tool steel 61 HRC 720 0.00466 29.34 
AISI 304 99 HRB we 0.161 0.85 
AISI 316 91 HRB vis 0.158 0.867 
17-4 PH 43 HRC 421 0.668 0.205 
13-8 PH 47 HRC 471 0.482 0.284 
AISI 420 46 HRC 458 2.15 0.147 
AISI 431 42 HRC 412 2.29 0.138 


Uncommon alloys: Waspaloy (56Ni-19.5Cr-13.5Co-4.3Mo-1.3AI-3.0Ti), A-286 (54Fe-15Cr-0.2AI1-2.0Ti). Source: Ref 2.37 
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Stellite 6B (48 HRC), Haynes 25 (28 HRC), silicon bronze (93 HRB), 
AISI 4130 (47 HRC), and Waspaloy (36 HRC). 

The rest of the self-mated pairs that were tested showed life cycles less 
than Waspaloy. Stainless steels (AISI 300, 400, and PH) with higher hard- 
ness show poor life cycles compared to Waspaloy. 

The trend is toward higher life cycles with higher hardness, except in 
the case of low-hardness alloys such as Haynes 25, silicon bronze, and 
stainless steels. 

The self-mated D2 steel (61 HRC) and nitrided precipitation-hardening 
stainless steel (75 HRC) show an extremely low wear of 0.00466 and 
0.00449 cm?, respectively. Silicon bronze is another material with a very 
low wear of 0.064 cm?. The D2 tool steel is used as roll material for cold 
rolling of steel, where an extremely severe adhesive wear situation exists. 
Nitrided precipitation-hardening stainless steel is an ideal material for 
gears. Low-wear silicon bronze is used as bearing material. 

Dissimilar couples are described in the following. 

Dissimilar-Hardness Self-Mated Couples. The adhesive wear in dissim- 
ilar-hardness self-mated materials couples as well as the wear of similar- 
hardness self-mated couples is shown in Table 2.12. The dissimilar prop- 
erties of the self-mated stainless steel couples are due to the difference in 
thermal or mechanical treatments that the specimens have undergone. The 
wear rate of dissimilar couples does not normally exceed the rate of the 
poorer of the two individual alloys when measured in the self-mated con- 
dition. The wear rates of dissimilar couples fall between that of the self- 
mated rates. Therefore, even in a self-mated couple, if the hardness of one 
of the interacting surfaces is altered by thermal treatment, the resulting 
adhesive wear loss is less than the original self-mated couple. 

Dissimilar-Material Couples. The volume loss in adhesive wear of 
17-4 PH (421 HV) materials when coupled with silicon bronze (93 HRB), 
Haynes 25 (286 HV), Monel K-500 (336 HV), Ti-6Al-4V (354 HV), and 
Stellite 6B (484 HV) are 0.032, 0.0197, 0.402, 0.264, and 0.0487 cm?, 


Table 2.12 Adhesive wear of self-mated stainless steel couples 
with dissimilar hardness 


Wear volume Wear volume 
Alloy and combination of self-mated, cm? of couple, cm? 
17-4 PH, H900 0.68 0.845 
17-4 PH, H1150 1.013 
AISI 4139, H + 205 °C (400 °F) 0.115 0.397 
AISI 4139, H — 650 °C (1200 °F) 3.718 
AISI 430F, annealed 1.54 1.43 
AISI 430F, 60% cold swaged 1.93 
AISI 304, annealed 0.17 0.32 
17-4 PH, H900 0.68 
AISI 440C, H + 260 °C (500 °F) 0.05 0.154 
12-4 PH, H900 0.68 
AISI 304, annealed 0.17 0.3205 


17-4 PH, H1150 1.01 
Source: Ref 2.37 
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respectively (Table 2.13). The variations in the wear volumes of the 
17-4 PH coupled with other materials is not consistent with the hardness 
of the countermaterials. Similar trends exist for Inconel 750 coupled with 
Haynes 25, Ti-6AI-4V, and Stellite 6B. The inconsistency in adhesive 
wear rate with hardness of mating material is also observed in Stellite 6B 
(Table 2.13). 

Hardness is not a universal criterion for wear rate. The adhesive com- 
patibility of the mating pair is an important factor in adhesive wear. Hard- 
ening steel by heat treatment without altering surface composition by 
induction heating, flame hardening, or laser treatment improves wear re- 
sistance but not as significantly as changing to another material, such as 
wear-resistant coatings, or by diffusion of interstitials and substitutional 
elements. 


Friction and Types 


As discussed in an earlier section of this chapter, the two basic types 
of friction are static and dynamic friction—resistance of the mating mate- 
rial to start moving and the movement of a moving mating material, 
respectively. 

Dynamic friction can be of different types, depending on the type of 
contacts and motion, such as sliding and rolling friction. Sliding friction 
occurs in mating couples sliding against each other, for example, journals 
and thrust bearings. Rolling friction is the force resisting the motion when 
a body, such as a ball or wheel, rolls on a surface. Examples include 
wheels on rails and ball bearings. 

Ideally, the coefficient of rolling friction (u,) should be zero. However, 
u, is not zero. Theoretically, the contact area of two spheres is a point, and 
it is a line for two parallel cylinders. As a result, the pressure between two 
curved surfaces should be infinite for both of these two cases, which will 
cause immediate yielding of both surfaces. In reality, a small contact area 
is created through elastic deformation, thereby limiting the stresses con- 
siderably. These contact stresses are called Hertz contact stresses. 

The Hertzian contact area under rolling has two zones: 


e Azone with no relative motion between body and counterbody 


Table 2.13 Adhesive wear of dissimilar couples 


Alloy 2 Alloy 3 
(17-4 PH, 421 HV) (Inconel 750, 354 HV) Alloy 4 

Alloy 1 volume loss, cm? volume loss, cm? volume loss, cm? 
Silicon bronze (93 HRB) 0.032 xo 
Haynes 25 (286 HV) 0.0197 0.024 
Monel K-500 (336 HV) 0.402 is 
Ti-6Al-4V (354 HV) 0.264 0.176 bad 
Stellite 6B (484 HV) 0.0487 0.102 0.07 (AISI 316 stainless steel)(a) 


0.238 (Monel K-500)(b) 
(a) Hardness of AISI 316 is 91 HRB. (b) Hardness of Monel K-500 is 336 HV. Source: Ref 2.37 
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e A zone with relative motion of a very small stroke, slip or slippage, 
static and dynamic friction caused by the differences in contact stiff- 
ness/compliance (shape or Young’s moduli) of the contacting bodies 


While the kinetic friction (u) for train wheels on a steel track is 0.1, the 
rolling friction (u1,) is 0.001. Similarly, a car tire on a dry road moves with 
a kinetic friction of 0.8, and the rolling friction is 0.015 (Ref 2.38).There- 
fore, energy dissipation during rolling friction is reduced drastically in 
comparison to normal kinetic friction. 

Friction on dry surfaces includes the following considerations: 


e For low surface pressures, the friction is directly proportional to the 
pressure between the surfaces. As the pressure rises, the friction factor 
rises slightly. At very high pressure, the friction increases to seizing or 
galling. 

* For low surface pressures, the coefficient of friction is independent of 
surface area. 

e At low velocities, the friction is independent of the relative surface 
velocity. At higher velocities, the coefficient of friction decreases. 


Friction with intermediate lubricant includes the following: 


° Dry, with solid/solid contact without lubricant: Dry contact occurs due 
to high loads and/or high temperatures, leading to lubricant film break- 
down during startup from the cold or in initial running-in of the en- 
gine. In such cases, the mating material surfaces must be compatible 
with respect to adhesive wear and friction. 

e Fluid friction, solid/liquid or gas/solid: There are no contacts between 
mating materials during hydrodynamic lubrication. However, wear 
can occur due to corrosion by hot lubricants and erosion by solid par- 
ticles in the lubricant flow. 

e Boundary friction, solid/thin-film lubricant/solid: Boundary lubricants 
react with the metal surface to form a protective layer, which, when 
shared, can reform without causing damage to the metal surface. How- 
ever, excessive load can cause breakdown of the lubricating film. 

e Mixed friction: Mixture of the aforementioned 


Friction and Energy 


The input (F ) of mechanical energy at interacting solid surfaces in mo- 
tion leads to friction by transformation (F) and dissipation (F,) of energy 
in various forms (Fig. 2.8) (Ref 2.38). Transformation of input energy 
occurs in adhesion wear, deformation, and elastic hysteresis processes. 
Energy dissipation occurs in heat generation, absorption, and emission 
processes. 
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Fig. 2.8 Friction, energy transformation, and dissipation processes. Adapted 
from Ref 2.38 


Input energy is the driving force in transformation processes, such as 
adhesion and deformation wear. A part of the input energy is lost through 
heat generation and dissipation processes. Wear volume varies linearly 
with energy transformation, except in the running-in stage (Ref 2.38, 
2.39). Experimental results show that frictional energy incites fracture at 
the asperity level, plastic deformation, and tribochemical reactions. Total 
energy dissipation is a measure to quantify the wear mass (Ref 2.40). The 
Haan Of transformation in terms of wear volume and thermal energy in the 
dissipation process plays a major role in the energy balance of friction 
(Ref 2.41). 

Energy Dissipation in Friction. The existence of a linear relationship 
between the wear volume and the dissipated energy makes possible a new 
energetic approach to the wear design of sliding surfaces. The energetic 
approach claims to be not only a new method to analyze wear data but 
also provides a complete approach to the study of tribological contacts 
(Ref 2.42). 
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A major advantage claimed for this approach is the simplification in 
wear testing. In the classic experimental data-analysis procedures, where 
the same test conditions are repeated to calculate average value, the new 
energetic approach uses different test parameters, including test duration. 
The results can be compared because the changing parameters affect both 
the input of energy and the wear volume. Another advantage is the possi- 
bility of using this method for thin-coated surfaces to compare the results 
of different test durations, even if a steady-state regime has not been 
reached. 

The wear and the corresponding dissipated energy for AISI 1037 (0.37C 
steel), AISI 52100 (bearing steel, 1.0C-0.35Mn-0.25Si-1.45Cr), and WC 
mated against M2 steel (0.8C-4Cr-8.7Mo-1.75W-1.18V) were determined 
by using both the new energetic approach over a range of parameters, such 
as load and sliding distance, as well as the classic method using fixed pa- 
rameters (Ref 2.42). In this experiment, a rotating M2 steel cylinder was 
mated against a stationary cylindrical test specimen (10 mm in diameter) 
at loads ranging from 1 to 6 N for a sliding distance of 600 to 2700 m (Ref 
2.42). The results are tabulated in Table 2.14 (Ref 2.42). 

Specific wear rate, k (where k = V/F,: d = K,,,/H), incorporates Kan 
and H, which are the material response to wear. Specific wear rates are 
found to be different in the classic and energetic approaches. Specific 
wear rates in the energetic approach vary from 13.0 x 107!4 for AISI 1037 
and 3.02 x 107'4 for AISI 52100 to an extremely low value of 0.0399 x 
107!4 for WC + 10% Co against M2 as the countermaterial. The corre- 
sponding k-values in the classic approach show the same decreasing order 
with increasing hardness of the materials. The difference between k-values 
in the energetic and classic approaches is more than 1.5 times for AISI 
1037 and AISI 52100 but narrows to a negligible quantity in the case of 
high-hardness WC + 10Co. 

The WC-10Co showed the highest friction value, while AISI 1037 had 
irregular variations all through the testing. The AISI 52100 showed a 


Table 2.14 Wear volume, wear rate, and energy dissipation in friction 


Specific wear rate Average 
Hardness Wear volume(a), Energy energy/unit 
Material pairs of test material Classic Energetic m? (N/R) dissipated, J volume, x 10"! 
M2-AISI 1037 55 HRC (595 HV) 7.37 x 10-*_ 13.0 x 10-14 9.4.x 10-1! 996.02 106 
(3/3,180) 
18.6 x 10-1! 1,800.78 96.77 
(5/3,180) 
M2-AISI 52100 60-64 HRC 1.64x10-" 3.02 x 10-" 4.56 x 1071! 1,309.05 287 
(697-800 HV) (4/3,180) 
18.3 x 10-!! 6,233.35 340.62 
(4/14,310) 
M2-WC 1100 HV 3.32x 10716 3.99 x 10-6 0.390 x 107! 3,357.7 8,609.5 
(5/4,770) 
0.76 x 10-1! 11,618.82 15,287.9 
(5/14,310) 


(a) Parameters: N = normal load = 1—6 N; R = number of rotations = 600 to 2700 m; hardness of fixed countermaterial: M2 = 60-65 HRC 
(697-832 HV). Source: Ref 2.42 
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steady-state regime in friction coefficient value after approximately the 
first 1000 rotations. 

The volume loss (V) increases with load and sliding distance and thus 
leads to higher energy dissipation. Also, the increase in energy disposition 
with higher load and sliding distance is found to vary for different mate- 
rial hardness. For example, for AISI 1037 steel (55 HRC) the increase in 
volume loss (from 9.4 to 18.6 x 107!!) by almost 2 times led to an increase 
in energy dissipated by nearly 1.84 times (996 to 1800 J), while for AISI 
52100 steel (60 to 64 HRC), the increase in volume loss by 4 times (4.56 
to 18.3 x 107!) led to energy dissipation by 4.76 times. In the case of hard 
WC-Co (1100 HV), the increase in volume loss by 1.95 times showed an 
increase in energy dissipated by 3.46 times. Extreme-hardness materials 
such as WC + 10Co may cause high energy dissipation in the frictional 
wear process despite low volume loss. 

Practical Example. Energy dissipation by frictional wear is a ubiqui- 
tous element in all mechanical work. By reducing friction in a mechanical 
system, such as the shaft or gear, it is possible to improve the life cycle of 
the component as well as reduce the quantum of energy required to drive 
the system. For example, reducing friction in steel mill “slippers” used in 
large rolling mill drive shafts results in improvement in service life from 
6 to 8 weeks to 6 to 8 months, and the substantial reduction in friction 
causes a drop of 20% in motor current (Ref 2.43). 

In some cases, friction is desirable. In winding reels of a steel mill, the 
strip needs reel surface friction to improve performance. Depositing WC 
on the reel surface by spark deposition improves friction as well as the 
service life of the reels (Ref 2.43). 


Effect of Lubricants 


Adhesive wear occurs between two interacting solids of similar- or 
dissimilar-material surfaces. The main role of the lubricant is to separate 
two interacting surfaces, thereby considerably reducing the frictional wear 
rates at both the separated surfaces. They can remain as a fluid film be- 
tween two surfaces. When shared, this protective layer is reformed through 
further reaction with the surface. Lubricants that form protective layers by 
reaction with the surfaces are known as boundary lubricants. 

The effects of lubricants on the wear rate are shown in Fig. 2.9. The 
wear rate decreases from the unlubricated surfaces (“1” in Fig. 2.9) to 
boundary-lubricated surfaces (“2”), followed by further reductions in 
fluid-film-lubricated conditions (“3”). The load, sliding velocity, tempera- 
ture, time, and film thickness are the variables affecting lubricant perfor- 
mance in reducing the wear rate. 

With higher load or temperature, the wear rates of unlubricated, 
boundary-lubricated, and fluid-film-lubricated wear increase to a point 
where the fluid-film-lubricated wear rate becomes equal to that for 
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boundary-lubricated wear. Further increases in wear rate with higher load 
or temperature may cause breakdown of the lubricating layer. At this 
stage, wear rate becomes equal to that of unlubricated wear (Fig. 2.9). 
Figure 2.10 shows the effect of increasing time (Fig. 2.10a) and film thick- 
ness (Fig. 2.10b) on wear rate. For all the variables, there is a transition or 
critical point where the wear rate shows a sudden increase. 

A natural boundary lubricant on a metal surface is the oxide layer. 
However, it tends to break under bending or impact loading and exposes 
the surface. Boundary lubricants react with the metal surface to form a 
protective layer, which, when shared, can reform itself without causing 
damage to the metal surface. Boundary lubricants are primarily long-chain 
organic acids. The major constituents of animal and vegetable oils are 
long-chain organic acids. When mineral oil is used as a lubricant, it must 
be mixed with vegetable or animal oils. 

In certain applications, such as the lubrication of rolling elements (in 
ball and roller bearings), cam and cam followers, and gear teeth, the hy- 
drodynamic films become sufficiently thin to cause deformation of inter- 
acting surface irregularities at the contact zone. The thin film of lubricant 
separating the rolling or sliding surfaces in the contact zone is known as 


8 g 1 
£ g 
f & 
® 2 ® 
z = 
3 2 
3 
(a) Velocity (b) Load or temperature 
Fig. 2.9 Effect of (a) velocity and (b) load or temperature on lubricated wear. 
Specimens include 1, unlubricated; 2, boundary lubricated; and 3, 
fluid-film lubricated. Source: Ref 2.44, 2.45 
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Fig. 2.10 Effect of (a) time and (b) film thickness on wear rate in lubricated 
wear. Specimen conditions are the same as in Fig. 2.9. Other vari- 
ables remain constant. Source: Ref 2.44, 2.45 
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an elastohydrodynamic film. The normally accepted practice to prevent 
metal contact is to maintain a minimum film thickness of lubricant layer 3 
times the composite surface roughness value for the sliding or rolling 
surfaces. 

Some examples of solid, liquid, and semisolid lubricants are: 


e Solid lubricants: graphite, molybdenum disulfide, synthetic fluorine- 
containing resins, or soapstones 

e Liquid lubricants: mineral, vegetable, animal, blended, and synthetic 
oils 

e Semisolid lubricants: greases and petroleum jellies 


The aim of green engineering is to reduce or eliminate most of the ex- 
isting liquid lubricants, greases, and petroleum jellies. Low frictional 
properties can be achieved by using coatings of low-friction materials 
(e.g., TiN), self-lubricating material (e.g., carbon boron nitride, etc.), or 
solid lubricants (e.g., MoS, or BN). 


Operational Variables and Transition in Wear Mechanism 


The adhesive wear mechanism changes with increasing heat generation 
by increasing load or pressure. With increasing load or pressure, Welsh 
(Ref 2.46) found three transitions in the dry wear rate of steel (Fig. 2.11): 


Wear rate, cm3/cm 


Fig. 2.11 Transitions in wear rates with increasing load. Pin-on-ring test at 
sliding speed of 100 cm/s; 0.52% C steel pin (x) and ring (e). 
Source: Ref 2.46 
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° At T, the transition from mild to severe wear 

° At T,, the transition from severe to mild wear 

° Above T,, minor changes in mild wear rates; also, diverging wear rates 
of the pin (x) and ring (e) possibly due to phase hardening 


Wear (Adhesion) Mechanism Map (Ref 2.47) 


The transitions in wear mechanism by increasing force (P) and sliding 
velocity (V) are represented in graphical form in the wear mechanism 
map. The increase in surface temperature with increasing P and V leads to 
regions such as delamination, oxidation, and seizure at various combina- 
tions of P and V. 

The extent of material removal by adhesion of similar mating compo- 
nents is dependent on the sliding velocity and the applied force. For a mild 
steel pin rotated on a hardened and tempered steel disc, an empirical 
material-removal mechanism map by adhesive or frictional wear pro- 
cesses is shown in Fig. 2.12. 

A wide variation in transition load is observed, depending on fluctua- 
tions in sliding speed, composition, and hardness of the steel. The wear 
rate (V ) for a given sliding geometry is proportional to the normal applied 
force (WF), the relative sliding velocity (U ), the initial temperature (T,), 
and the thermal, chemical, and mechanical conditions of the surfaces. The 
dominant mechanism in the wear process is the one showing the highest 
wear rate for a given value of one of these parameters. The sliding wear 
data obtained by using specimens of different shapes and sizes can be cor- 
related by using the normalized wear rate (V,), force (W,), and sliding 
velocity (U,), defined as: 

V W Ur, 


= 0,= Eq 2.11 
LA. P (Eq 2.11) 


n 


where A, is the nominal (apparent) contact area of the wearing surface, r, 
is the radius of the circular nominal contact area, a is the velocity of the 
heat flow, H, is the surface hardness, V, represents the volume lost per unit 
area of surface per unit distance slid, W, is equal to the (nominal) pressure 
divided by the surface hardness, and U, is equal to the sliding velocity 
divided by the velocity of heat flow. 

A wear mechanism map can be plotted using W, and U, as axes with 
contours showing values of V,. The value of sliding velocity, U (in m/s), 
is also included. Normally, W, ranges from 10- to 10, and U,, ranges from 
10-* to 10°. An empirical wear mechanism map (Ref 2.47) for steel is 
shown in Fig. 2.12. 

The mechanism changes from ultramild to mild wear through delami- 
nation, and from mild oxidational to severe oxidational wear with increas- 
ing U, (i.e., normalized velocity). The four main regions of the wear map 
(Fig. 2.12) include: 
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Fig. 2.12 Wear map for unlubricated sliding between two steel surfaces. 
Source: Ref 2.47 


e Oxidation-dominated wear (W, = 1075 to 10°35 and also higher pres- 
sure ranges) 

* Deformation or delamination wear (W, = 1075 to 10-5) 

° Melt-dominated wear (W, = 10-2 to 0.4) 

e Seizure (W, = 0.4) 


The delamination wear mechanism (Ref 2.48) has been used to explain 
the wear behavior in sliding contact of unlubricated ductile materials. The 
plastic deformation of the surface and subsurface in the contact regions 
leads to void formation. With increasing applied pressure, the void ex- 
tends to form cracks. At a stage when the crack reaches a critical length, 
the material above the void is detached from the surface as layers or lami- 
nates. In delamination wear, the deformation process has the major share 
of input mechanical energy (Ref 2.49). 
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Frictional Heat (Ref 2.47, 2.50) 


When two surfaces slide together, most of the work done against fric- 
tion is turned into heat. The frictional heat generated at the tiny contact 
areas, that is, the asperities, is a function of the normalized pressure (W,) 
and the normalized velocity (U,,). The heat generated per unit area (q) is 
given by the following relationship (Ref 2.47, 2.50): 


= Eq 2.12 
| (Eq ) 


where q is the heat generated per unit area per second in J/m’s, and A, is 
the nominal (apparent) contact area of the wearing surface. 

With maximum W, = 10 and maximum U, = 10° (Fig. 2.12), the q mazi- 
mum is equal to 10° J/m?s, assuming the values of both A, and p as 1. 
Similarly, q minimum = 107 J/m?s with minimum values of U, and W, 
(Fig. 2.12). The heat generation (q) is directly related to the coefficient of 
friction. Variation in the coefficient of friction from 1.0 to 0.5 can reduce 
heat generation by half. 

The information in the wear mechanism map is useful for various ap- 
plications, including: 


e Limiting PV for critical temperature causing damage to polymeric ma- 
terials in bearings 

e Limiting PV for critical temperature causing scuffing and scoring in 
gears 

e Limiting PV for thermoelastic instability and thermal cracking for ce- 
ramics (e.g., ZrO.) susceptible to such changes 


Adhesive Wear Protection System/Alloys 


Low adhesive wear (unlubricated) occurs under three different sets of 
conditions. 

Mating Pairs with a Low Wear Ratio. In self-mated pairs, tungsten 
carbide shows the lowest wear ratio, followed by polyethylene and ferritic 
stainless steels. Wear in a pair of dissimilar materials is normally confined 
to the softer material. The total material loss is usually less for dissimi- 
lar materials compared with that of a self-mated pair. It is preferable to 
select a dissimilar-materials pair where the softer component is easily 
replaceable. 

Suitable Surface Finish of the Mating Components. Microscopic 
asperities are present even in the smoothest surface. However, rough sur- 
faces result in large frictional heat and high wear. High wear at the initial, 
or running-in, stage arises from surface mismatch or two interacting fresh 
surfaces. 

Suitable Surface Modification to Either or Both Surfaces to Re- 
duce Wear and Friction. For cutting tools, chemical and physical vapor 
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deposition coatings lead to low adhesive wear of the cutting edge and 
improve tool life. Coatings such as Babbitt metals, bronzes, or plastics on 
the bearing area reduce wear. A diffusion layer in carburizing, nitriding, 
and mixed carbonitriding reduces frictional wear in gears. 


Erosion 


Erosion can be defined as the progressive loss of material from the solid 
surface due to mechanical interaction between that surface and a fluid, 
a multicomponent fluid, or impinging liquid or solid particles (ASTM 
G40-99). 

In the United Kingdom, the Department of Trade and Industry esti- 
mated in 2004 that erosion costs were approximately 20 million pounds 
sterling per annum (Ref 2.51). In Finland, the loss due to friction and wear 
is approximately 2.7 billion Euros, and by using the new knowledge of 
tribology, approximately 1 billion Euros could be saved, which corre- 
sponds to approximately 1% of Finland’s gross national product in 1997 
(Ref 2.52). The estimated share of erosion in the wear of mechanical parts 
is approximately 8% (Ref 2.22, 2.23). 

Material wear arising from the high-velocity impact of particles carried 
in fluid streams is called solid particle erosion. The action of liquid drop- 
lets or fluids can lead to fluid erosion. Where the fluid is a liquid (as op- 
posed to a gas), the formation and subsequent collapse of bubbles causes 
cavitational wear. The bubble collapse is strong enough to form surface 
cavities by deformation. 

Difference between Abrasion and Erosion Wear (Ref 2.20). Ero- 
sive wear results from particle impingement or cavitation shocks against a 
surface but not from the trapping of loose particles between sliding con- 
tact surfaces. Wear of a dragline bucket pulled through gravel is abrasive, 
but wear of an impeller moving through slurry is erosive. 

Solid Particle Erosion. The volume of wear (summation of impacts) in 
erosion is proportional to the kinetic energy of the impinging particles. 
For the case of erosion involving plastic deformation with particles hitting 
at normal incidence, volume loss due to wear can be expressed as (Ref 
2.18): 

Y mv? 
C= A ae (E4213) 
where m is the mass of the particle, V is the velocity, and H is the hardness. 
The equation follows the general pattern of abrasive and adhesive wear. 


Factors Affecting Erosion 


Mass and Velocity. In erosion, the kinetic energy of impact, “mv”, re- 
places F, (applied force) in the general equation of wear. The driving en- 
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ergy for erosion is the velocity of the impacting medium multiplied by its 
mass. 

The volume and density (m = volume x density) of the medium is di- 
rectly related to wear. Thus, a waterjet can cause more erosive wear than 
an airjet at the same velocity. 

Experimental results indicate that in v", the exponent n of the velocity 
(v) can vary between 1 and 4 (Ref 2.53-2.55). For ductile erosion, the 
velocity exponent is closer to 2. The velocity of fluid and/or that of parti- 
cles carried in the fluid is therefore the main energy provider in erosive 
wear. As mentioned earlier, a high-pressure waterjet or high-velocity 
flame can cause rapid removal of material by erosion from a solid surface 
more than erosion by impact of high-hardness (tungsten carbide or dia- 
mond particle) particles. 

Wear Coefficient. The erosive wear coefficient (K ) is nondimensional 
and typically ranges from 10 to 107!. The K-values provide an opportu- 
nity to improve the erosive wear resistance of the material by more than 1 
to 10’ times. 

Hardness of Base Material (H). The wear volume in erosion, like 
adhesion and abrasion, is inversely proportional to the hardness of the 
material. However, the wear of ductile and brittle materials follows differ- 
ent patterns, depending on the angle of impingement. 

Angle of Impingement. Apart from velocity, the impingement angle is 
important in erosive wear. The angle of impingement (a) is included in 
the general equation of erosive wear (Ref 2.56): 


y- Kmy? 
6H 


f(a) (Eq 2.14) 


The wear behavior of ductile and brittle materials responds differently 
with angle of impact. 

The erosion equation of material is normally expressed in terms of the 
erosion ratio (E, dimensionless), that is, a material removed divided by the 
mass of erosive particles striking the surface. 


Erosion of Ductile Material 


Angle of Impingement. The erosion of ductile materials (copper, alu- 
minum, and SAE 1020) shows a peak at an impingement angle of ap- 
proximately 20°; thereafter, the wear volume decreases with increasing 
striking angles (Fig. 2.13). At an impact angle of 90°, the wear is nearly 
zero. The maximum wear at 20° and gradual fall thereafter to near zero at 
90° suggests that the erosive wear of ductile material is a cosine function 
of the angle of impingement beyond 20°. 

Hardness of Material and Abrasives. The improvement in the hard- 
ness of ductile materials by work hardening or heat treatment has very 
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Fig. 2.13 Ductile and brittle erosion with impingement angle. Source: Ref 
2.1 


little effect on erosive wear, because the hardness of most abrasives is 
higher than the ductile base material. 

Particle Shape and Size. Sharp angular particles remove more mate- 
rial than rounded particles. According to Finnie (Ref 2.56), smaller parti- 
cles with a higher surface-to-mass ratio produce higher wear volume per 
unit mass. However, the effect of particle size on erosive wear is unclear. 


Solid Particle Erosion of Brittle Materials 


The diameter (d) of a ring crack formed by striking steel spheres at 
velocity v on brittle glass is expressed as (Ref 2.56): 


d = (constant) v®-4 (Œq 2.15) 


Neglecting shear stress and considering only the normal component of 
velocity, the relationship becomes: 


d = (constant) (v sin a)°4 (Eq 2.16) 


The erosion of brittle material is the sine function of the impact angle (a) 
and thus shows maximum wear at 90° impact angle, especially by round 
particles. For angular grains, the maximum wear occurs at striking angles 
less than 90°. 

Wear Mechanism of Brittle Materials. Erosive wear in brittle materi- 
als occurs when the stress generated by impacting high-velocity particles 
exceeds the maximum tensile strength. The removal of material is there- 
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fore dependent on the velocity and the angle of impingement, or v sin a. 
Brittle erosion occurs through microfracturing and removal of fractured 
segments by subsequent impacts. 


Relative Erosion Wear Resistance 


The erosive wear resistance of a test material with respect to that of a 
base material (normally mild steel) has been used as an index for relative 
wear resistance (E) by Kleis and Kulu (Ref 2.57). The values of relative 
erosive wear resistance of test material and base material pairs using dif- 
ferent abrasive materials are shown in Table 2.15. A wide range of striking 
velocities are used in the tests. The wear rates are determined at different 
impact angles. The reference material is mild steel (M,), and the abrasives 
used include soft limestone to hard quartz. 

The results of relative wear-resistance values are grouped together in 
five clearly defined hardness zones (Table 2.15), irrespective of the impact 
angle (Ref 2.57). The hardness values of reference (M,) and target (M5) 
materials are Hı and H> respectively. The hardness of the abrasive is 
denoted by H,,,. The five wear zones are defined as: 


° Zone A (H < H,,): where values of both wear and wear resistance 
are low. For example, a 14% Cr steel (500 HV) target against barite 
(120 HV) shows that erosive wear equals 2.0 at 90° impact (Table 2.15). 


Table 2.15 Relative dry particle erosive wear resistance with different abrasives/ 
target material pairing 


Relative erosion resistance (E,) 


HV of at impact angle of: 
reference Velocity(a), E, 
Abrasive, HV material Target material, HV 90° 30° Others m/s zone 
Barite, 120 195 14% Cr steel, 500 2.0 o ten 90 A 
Limestone, 120-190 125 Steel C60, 830 6.4 ats sii 70 A/B 
177 0.8C steel, 864 3.0 3.8 ban 100 A/B 
177 White cast iron, 630 3.8 6.4 ee 100 A/B 
Quartz sand, 1200 130 TiC/Mo/Co Cermet, 1830 9.0 33.0 bea 150 C 
130 Cr,C,-Mo-Ni, 1300 3:5 4.7 oe 150 c 
130 WC-Co, 1600 47 pi 78 (45°) 165 E 
130 WC-Co, 2000 ies 590 ie 100 c 
130 Weld coat, 740 11 ae 35 (15°) 70 c 
Gas coke, 610 130 Weld coat, 1130 34 oe 100 (15°) 70 Cc 
Glass grits, 575 177 White cast iron, 620 14.7 vs. 41.7 (45°) 100 Cc 
130 WC-Co, 1600 204 420 oe Fst E 
Quartz sand, 1200 130 0.8C steel, 900 0.9 2.1 ee 120 D 
130 Weld coat, 1130 1.3 ane 6.1 (15°) 70 D 
170 Weld coat, 890 1.3 (75°) waa 4.4 (15°) 350 D 
130 WC-Co, 920 4.0 ae 5.8 (45°) 165 ves 
Corundum, 2000 130 WC-Co, 1600 6.9 aai 6.6 (45°) 165 D 
Feldspar, 730 110 White cast iron, 554 1.2 wis 3.0 (15°) 70 D 
Quartz sand, 1200 110 White cast iron, 554 0.6 dis 2.0 (15°) 70 E 
175 White cast iron, 620 0.9 1.8 dee 100 E 
130 Weld coat, 720 0.7 14 3.0(15°) 120 E 
139 Cast iron, 210 0.5 0.7 1.0 (15°) 100 E 
Corundum, 2000 130 WC-Co, 920 0.8 1.4 ais 165 E 


(a) Mean value of impact velocities. Source: Ref 2.57 
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° Zone B (H,, < 1.6 H,,,): where relative wear resistance increases rap- 
idly to maximum value. For example, the combination of target mate- 
rial white cast iron (630 HV) and abrasive limestone (120 to 190 HV) 
conforms to the criteria of zone B (Table 2.15): 190 < 1.6 x 177 < 630 
and has E, = 3.8 and 6.4 at impact angles of 90° and 30°, respec- 
tively. 

° Zone C (1.6 Hı < Ha < Hy): the interval where the use of target 
material M, is the most justified. For example, a combination of target 
material (M,) Cr,C,-Mo-Ni (1300 HV), abrasive quartz sand (1200 HV), 
and reference material M, (130 HV) conforms to the criteria of zone C 
(Table 2.15): 1.6 x 130 < 1200 < 1300 and has E,= 3.5 and 4.7 at im- 
pact angles of 90° and 30°, respectively. 

° Zone D (H, < H, < 1.6H,,.): zone of rapid fall of relative wear- 
resistance value. For example, erosion of weld coating (890 HV) 
against quartz sand (1200 HV) conforms to the criteria of zone D 
(Table 2.15): 890 < 1200 < 1.6 x 890 and has E, = 1.3 and 4.4 at 75° 
and 15°, respectively. 

° Zone E (H,, > 1.6 H,,,): relative wear-resistance value of target mate- 
rial M, becomes low. For example, erosion of weld coating (720 HV) 
against quartz sand (1200 HV) conforms to the criteria of zone E 
(Table 2.15): 1200 < 1.6 x 720 and has E, = 0.7, 1.4, and 3.0 at 90°, 30° 
and 15°, respectively. 


It is interesting to follow the changes in relative erosion wear-resistance 
properties of a single alloy, such as white cast iron, in the aforementioned 
five zones from the data in Table 2.15: 


e Zone A/B: target white cast iron (630 HV)/abrasive limestone (120 to 
190 HV) > E, = 6.4 (30°) and 3.8 (90°) 

e Zone C: target white cast iron (620 HV)/abrasive glass grits (575 HV) 
> E, = 41.7 (45°) and 14.7 (90°) 

e Zone D: target white cast iron (554 HV)/abrasive feldspar (730 HV) 
> E, = 3.0 (15°) and 1.2 (90°) 

e Zone E: target white cast iron (554 HV)/abrasive quartz (1200 HV) > 
E, = 2.0 (15°) and 0.6 (90°) 


The low wear resistance in the narrow zone A/B increases rapidly to a 
maximum value in zone C, followed by rapid fall in zone D, with low 
wear resistance in zone E. Zone C has been recommended for use of ma- 
terials tested against the listed abrasives, irrespective of the angle of im- 
pact. The relative erosion resistance in each zone varies with respect to 
hardness of abrasives, velocity, and angle of impact. Among the carbides, 
WC-Co, with high erosive wear resistance, is preferred to that of ceramics 
based on TiC and Cr,C,. 
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Equation for Liquid Erosion (Ref 2.58, 2.59) 


The rate of mass loss during the initial steady-state period is used to 

measure relative erosion resistance. The rate of erosion (6,,/6,,) by liquid 
impingement at velocity v and angle 0 is (Ref 2.58): 
(5,,/5, max = K(v sin O — v.)" cos 0 (Eq 2.17) 
where k, v„ and n are constants. The values of n and the critical velocity 
(va) were found to be 2.6 and 118.87 m/s (390.0 ft/s), respectively. The 
critical velocity is considered to be the limiting velocity below which liq- 
uid erosion should not occur. 

To estimate the pressure (P) arising out of the initial impact of a liquid 
jet that approaches a solid boundary with a velocity v, the following for- 
mula is used: 


P=pcv (Eq 2.18) 


where p is the density of the liquid, and c is the velocity of sound. 

In a study on erosion behavior in turbine blades and erosion shield by 
controlled, sized droplets over a range of impact velocities up to 315 m/s 
(1040 ft/s), two steady-state erosion rates were observed instead of one. 
An initial incubation and a steady-state period were followed by a de- 
creasing erosion rate to culminate in a second steady-state regime. 

Mechanism of Liquid Erosion. According to Halling (Ref 2.60), liquid 
impingement erosion occurs when small drops of liquid strike on the sur- 
face of a solid at high speed (1000 m/s) and very high pressures are ex- 
perienced, exceeding the yield strength of most materials. Thus, plastic 
deformation or fracture can result from a single impact, and repeated im- 
pacts lead to pitting and erosive wear. Liquids need not contain solid par- 
ticles to produce damage to a solid surface. The erosion pits are formed at 
the initial steady state, followed by formation of cracks at the pits, the 
propagation of which leads to detachment of material fragments. Resis- 
tance to crack propagation can be improved in ductile materials by grain 
refining and in brittle material by controlling carbide size and distribution. 

The standard test for liquid erosion is ASTM G73. The specimens at- 
tached to a rotating disk are subjected to repeated impacts by liquid sprays 
or jets. Practical examples of liquid jet erosion include rain erosion on 
aircraft and erosion by condensed steam in the low-pressure stages of 
steam turbines. 

Topography of Liquid Erosion Surface. The eroded surface shows 
pits, the depths of which increase with time. The coarseness of the surface 
increases with droplet size. The microhardness at the pit indicates work 
hardening. Repeated cyclic loading ultimately leads to fatigue failure. 

Liquid Cavitation Erosion. Tensile stress generated during liquid im- 
pingement by the collapse of bubbles on a solid surface may cause wear 
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by a cavitation-erosion process. The deformation of solids by the impact 
of liquid occurs because of the interaction of stress waves generated by 
the collapsing bubbles at the surface. 

Liquid impingement erosion and cavitation erosion damages have many 
similarities; both are small-scale liquid/solid impacts, and sometimes it is 
difficult to know if the erosion mechanism is impingement or cavitation. 
The term impingement attack is sometimes used for material loss when 
the forces of unsteady, turbulent, or bubbly flows are believed to remove 
the protective oxide layers, allowing continuing and accelerating corro- 
sion. In situations of both corrosion and erosion acting simultaneously, the 
material-loss rates are much higher than the sum of the rates of the indi- 
vidual processes (Ref 2.61). 

The test data on erosion and cavitation wear of various alloys are tabu- 
lated in Table 2.16. A large number of test methods, including field testing, 
were employed. The tests were conducted on ferritic stainless steel (12% 
Cr), austenitic stainless steel (18/8 stainless steel), and Stellite 6 (Co- 
20Cr-4W-1C alloy). These alloys are widely used in both steam and hy- 
droturbines. The results show minimum cavitation-erosion wear in Stellite 
6 compared to the other two materials in all test methods employed, in- 
cluding the turbine field test. 

In turbine field and rotating impact tests, ferritic stainless steel is found 
to be superior to that of austenitic stainless steel in erosion resistance. In 
comparison to ferritic stainless steel (normal turbine material) as 1, the 
comparative life span of 18/8 stainless steel in mainly erosion is 0.24 
times and that of Stellite 6 is 1.7 times. 

In most of the cavitation tests, austenitic stainless steel showed superior 
wear resistance compared to ferritic stainless steel. In comparison to 18/8 
stainless steel as 1, the relative cavitation-erosion wear life of Stellite 6 is 
9.5 times and that of ferritic stainless steel is 0.76 times. 


Table 2.16 Liquid erosion-cavitation data of selected materials evaluated by various techniques 


Test methods and parameters 


Rotating Vibratory 
specimen, Turbine cavitation Resonant 
Steam rotating field tests: “relative cavitation Single jet 
and drop impact: visual erosion”: Vibratory rate of impact: 
impingement: rate of rating standard cavitation: mean pit depth at 
rate of volume loss, after Cr plate, wt loss after penetration, vol loss after 16 h, 914 m/s (3000 ft/s), 
Materials wt loss, mg/h mm?/g 76 weeks hard = 1 2h, mg um/h (mil/h) um (mil) 
Stellite 6 rolled 0.33 1.3 Very light Stellite 6 (weld) 6 15 (0.60) 0.9 (0.05) (Rolled) 16.0 
2 (0.63) 
12 Cr steel (Hardened) 1.45 22 (Cast) heavy (Cast) 25 (Hardened) 9.0 (Hardened) 3.5 (Rolled) 24.0 
(Rolled) 11.0 9.1 (Cast) 20.0 (0.21) (0.94) 
(Rolled) 46.7 
(2.85) 
18/8 stainless (Rolled) 21.6 Very heavy (Cast) 19.0 (Cast) 13.0 26.0 (1.0) (Rolled) 3.5 (Rolled) 35.0 
steel (Flame sprayed) (0.21) (1.38) 
1.0 (Flame sprayed) 
207 (12.6) 


Adapted from Ref 2.62 
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Protection against erosion by shielding or cladding is usually achieved 
with a harder layer than the base material or by a composition or micro- 
structure that is more erosion resistant. In some low-intensity wear envi- 
ronments, elastomeric coatings can be used to reduce the impact pressures 
(Ref 2.62). However, these materials are not recommended in severe ero- 
sion wear situations where wear life is limited, even for proven base ma- 
terials such as AISI 410 or CA6NM. 

Shal’nev (Ref 2.63) developed a method for testing cavitational resis- 
tance by using a wave cavitation exciter comprised of a magnetostric- 
tional vibrator at an oscillation frequency of 8000 Hz and an amplitude of 
0.066 mm (0.0026 in.) to generate the stress wave for cavitation to occur. 
Examples of cavitation erosion include ship propellers and components in 
fluid pumps. 


Slurry Erosion 


With a high concentration of solids in liquid media, the erosion at solid 
material surfaces is accelerated due to the combined effects of solid par- 
ticles. The kinetic energy of impact increases due to the increased density 
and mass of the eroding media. Pressure exerted by liquid is higher than 
that of gas or air as impacting media. With high concentrations of solids, 
the density increases further, resulting in a rise in impact energy by sev- 
eral fold. The severe erosion results in cases such as hydroturbines that 
work on the impact of a large volume of high-velocity water and fluid 
pressure. 


Specific Energy in Erosion of Materials 


The concept of specific energy in erosion is derived from the fact that 
the amount of material removed from a surface is a function of the energy 
expended on it by the erodent. It was first introduced by Riemsdijk and 
Bitter (Ref 2.64) to express the amount of energy dissipated by erodent 
particles to remove a unit volume of material. The authors designated ero- 
sive wear by particles impacting at 90° as deformation wear, W, (here 
associated with specific energy, é), and that by oblique impact as cutting 
wear, W, (here associated with specific energy, 0): 


Total wear = W, + W, (Eq 2.19) 


Total specific energy = é + 0 (Eq 2.20) 


Neilson and Gilchrist (Ref 2.65) calculated specific energy for material 
removal for both ductile and brittle materials directly from volume loss of 
material under normal particle impact. They did so from knowledge of the 
impact velocity and particle impact frequency, hence kinetic energy of 
impact. 

However, the material loss by erosion also occurs where particles are 
dragged across the surface in a fluid stream with less well-defined condi- 
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tions of particle impact, such as the wear in pipelines, slurry pumps, or 
cyclones. A nonstandard slurry erosion test, known as the Coriolis test, is 
useful to evaluate the specific energy dissipated in slurry erosion of mate- 
rials. The Coriolis slurry erosion tester has two sample plates attached to 
a rotating disk, with slurry flow from the disk center. Due to the centrifu- 
gal force, slurry flows outward from the disk center, while the erodent 
particles are directed toward the surface of the sample plates by the Corio- 
lis effect. The Coriolis slurry erosion tester offers good distinction be- 
tween materials of different erosive wear resistance (Ref 2.66). 

The erosion resistance of AISI 1045 steel (0.45% C steel) pipe was 
found to be more than 5 times greater than that of AISI 1020 steel (0.2% 
C steel) pipe in the Coriolis slurry erosion test (Ref 2.67). However, the 
relative ranking of AISI 1045 and 1020 steel pipes, as found in Coriolis 
slurry erosion, was very similar to that observed in tests conducted in ac- 
cordance with ASTM G65 (Ref 2.67), indicating that abrasion is a major 
factor in slurry erosion. The hardness of the material plays a dominant role 
in abrasion-erosion wear in pipelines carrying slurries. 

The Coriolis test is very rapid and suitable for the assessment of wear 
resistance of a wide range of materials, including hard metals and ceram- 
ics. The test simulates well the erosion conditions in equipment in which 
slurry flows across the material surfaces, such as slurry pumps, pipelines, 
and cyclones. 

Measurement of erosion and calculation of specific energies for removal 
have been made by using the Coriolis slurry erosion tester. An analytical 
model used for calculation of the specific energy for material removal is 
based on a summation of the work done by particle-target friction by 
every particle passing over the specimen, assuming a value for the particle- 
specimen coefficient of friction and using experimental wear volume data 
as input. The specific energy (J + mm™) values determined by the Coriolis 
erosion tester were found to be 37, 180, and 500 for aluminum (6061-T6), 
1020 HR steel, and M2 tool steel, respectively (Ref 2.66). The correspond- 
ing strength values of materials tested were 241, 346, and 2076 MPa (35, 
50, and 300 ksi) (converted from Vickers hardness) for Al-Mg-Si (6061- 
T6), 1020 HR strip, and M2 tool steel, respectively. The specific energy 
values show rapid increase with increasing strength (or hardness) of the 
materials. The erosion resistance of material increases with higher specific 
energy. 

The calculated specific energy is not an intrinsic material property but 
varies with the test conditions. The most reliable value of specific energy 
corresponds to steady-state erosion. 


Combined Corrosion-Erosion 


When corrosive conditions are present, a combined corrosion-erosion 
wear process will occur. In this case, the protective surface reaction prod- 
ucts from corrosion are removed by erosion, thereby accelerating both 
processes and producing a very rapid material loss. This condition creates 
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severe problems that are particularly evident in coal gasification and liq- 
uefaction plants. The critical problems arising here have added further 
incentive for developing more refined erosion-control strategies. 


Erosion Wear Applications 


Erosion cavitation occurs in hydroturbines and pipelines carrying liq- 
uids. High silt contents in water may lead to silt erosion in the turbine. 
Impact erosion problems are apparent in pneumatic transport systems and 
mining engineering (especially tube elbows) as well as mills for grinding 
minerals. Raindrop erosion occurs in steam turbine rotor vanes and on the 
fuselage of high-speed aircraft passing through rain or clouds. High- 
velocity erosion occurs in thermal power plants using pulverized high-ash 
fuels for combustion in boilers or solid-fuel-operated gas turbines. The 
components subjected to erosion include boiler tubes, exhaust fans, and 
turbine blades. Some applications along with remedial measures are listed 
in Table 2.17. 


Surface Fatigue Wear 


Fatigue is the progressive and localized structural damage that occurs 
when a material is subjected to cyclic loading. Wear generated after re- 
peated contact cycles is called fatigue wear, surface fatigue, or surface- 
fracture wear. The equation for surface fatigue wear (Ref 2.54, 2.68) is: 


F 
V = K fatigue H (Eq 2.21a) 


Table 2.17 Selected erosion wear applications 


Erosive medium 


Industry/applications Type of wear Fluid Solid Recommended material/process 


Steel plants 


Induced draft fans Dry erosion Flue gas Minerals Nickel alloy with tungsten 
carbide/spray and fuse 
Sinter fans Dry erosion Flue gas Sinter Alloyed white iron/weld 
Cement plants 
Induced draft fans Dry erosion Flue gas Clinker Alloyed high-chromium iron/ 
weld 
Osepa air separators Dry erosion Air Cement Nickel-base high-hardness alloy/ 


thermal spray 
Thermal power plants 


Induced draft fans Dry erosion Flue gas Ash (high silica) Nickel alloy with tungsten 
carbide/spray and fuse/ 
tungsten carbide inserts 

Boilers Dry erosion Flue gas Ash High-chromium iron/thermal 
spray 

Erosion-corrosion Flue gas Ash Ni-Cr + CrC/thermal spray 
(high sulfur) 
Hydroturbine Slurry erosion Water Silt (high silica) Stellite 6/Stellite 21/weld 
16Mn-16Cr steel/weld 
Cavitation erosion Water Low silt AISI 410/304/weld 
Jet turbine Raindrop erosion Water ve Stellite 6/tungsten carbide-cobalt/ 


thermal spray 


Source: Ref 2.1 
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where Keaigue 18 the coefficient of fatigue wear = 0.180/n + [h/R]"?, where 
a is the ratio of nominal area of contact to the frictional area of contact, 
h is the depth of penetration, R is the radius of curvature of the asperity, 
and n is the plane strain (gp) to fracture to the effective strain (ea) to the 
power i: 


n= [ep/ea]! (Eq 2.21b) 


The fatigue equation is in the same form as that of other wear equations. 
The wear volume (V ) is directly proportional to the applied load (F,,) and 
inversely to the hardness (H ) of the material. However, the coefficient of 
fatigue wear is inversely related to the ratio of plane strain to fracture to 
the effective strain. The fracture toughness of the surface material plays an 
important role in fatigue wear. 

Subsurface fatigue and surface fatigue are often observed during repeated 
rolling and sliding. The repeated loading and unloading cycles induce the 
formation of subsurface or surface cracks. The growth of subsurface 
cracks ultimately leads to breakup of the surface with the formation of 
large fragments, leaving large pits in the surface (pitting). Fracture tough- 
ness of the subsurface material controls crack growth rate and hence the 
number of cycles to failure. 

Prior to this critical point (which may be hundreds or even millions of 
cycles), negligible wear takes place, which is in marked contrast to the 
wear caused by adhesive or abrasive wear mechanisms, which start from 
the beginning. Therefore, useful life is expressed in terms of number of 
revolutions or time to fatigue failure instead of wear volume loss. 

High-cycle fatigue strength (approximately 10° to 108 cycles) is de- 
scribed by stress-based parameters. Low-cycle fatigue (typically less than 
103 cycles) is associated with widespread plasticity in metals; thus, a 
strain-based parameter should be used for fatigue-life prediction in metals 
and alloys. 

Lubricating film separating the surfaces can prevent adhesive and abra- 
sive wear. However, in an interface with nonconforming contact (e.g., a 
rolling element bearing), the contact stresses are very high, and a fatigue 
mechanism is operative. In these cases, although direct contact does not 
occur, the mating surfaces experience large stresses, transmitted through 
lubricating film during the rolling motion. Hence, fatigue wear cannot be 
prevented by lubrication. 

Surface Modification to Counteract Surface Fatigue in Sliding or 
Rolling Contact (Ref 2.69, 2.70). In nonconforming contact surfaces, 
the contact stress is high due to a small contact area. Nonconforming con- 
tact surfaces in rolling contacts, such as ball bearings and gears, may fail 
by subsurface fatigue crack formation due to high cyclic Hertzian stresses 
at a depth below the surface. In rolling and sliding contacts, the maximum 
shear stress occurs below the surface and roughly at a depth equal to half 
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of the Hertzian contact radius. Thick, hard surface layers in carburized or 
nitrided components are effective in preventing fatigue crack formation in 
the maximum shear stress regions. Normally, this region is within the hard 
carburized or nitrided case thickness. 

In conformal surfaces, sliding contact load is distributed over a large 
nominal contact area. The contact stresses are low in conformal contact. 
The detrimental contact stresses are localized to the areas of asperity con- 
tacts, and the highest stress occurs within a few micrometers of the contact 
interface. Therefore, thin chemical or physical vapor deposition coatings 
are effective in reducing wear and friction in such cases. The list of com- 
ponents belonging to this group include journal bearings, face seals, pis- 
ton/cylinders, and cutting and forming tools. 

Factors that affect fatigue wear include the following (Ref 2.71, 
2.72): 


° The greater the applied stress range, the shorter the life. 

° Damage is cumulative. Materials do not recover when rested. 

e Fatigue life is influenced by a variety of factors, such as temperature 
(thermal fatigue), surface finish, microstructure, residual stresses, and 
contact (fretting). Temperature fluctuations can cause thermal fatigue. 
While smooth surface finish reduces fatigue life, it is also a poor reser- 
voir of lubricating oil. Compressive residual stress improves fatigue 
life. Compressive residual stress is induced on the surface by peening, 
such as shot peening or laser peening. Another method to induce 
compressive residual stress is by case hardening. Case hardening is 
beneficial because of the resistance to fatigue crack growth by a high- 
hardness layer. 

° Some materials (e.g., some steels and titanium alloys) exhibit a theo- 
retical fatigue limit below which continued loading does not lead to 
failure. 

e In recent years, researchers have found that failures occur below the 
theoretical fatigue limit at very high fatigue lives (10° to 10!° cycles) 
(Ref 2.72). 

e Lubricants cannot prevent fatigue wear. However, the absence of lu- 
bricant can cause excessive adhesive wear. 


Contact fatigue failures in gear and bearing components in wind tur- 
bines have been the source of costly repairs and downtime of the turbine 
drivetrain and actuators. This is currently a major problem in the fast- 
growing “green” power-generation plants. The problem and remedial 
measures are discussed in Chapter 5, “Tribological Applications,” of this 
book. 

FrettingWear. Fretting occurs between two interacting mating sur- 
faces under load that are subjected to an oscillatory motion of small mag- 
nitude (displacement of ~1 um). The friction force produces alternating 
compression-tension stresses, which result in surface fatigue. 


Chapter 2: Green Tribology / 79 


Small wear particles are formed through the mechanism of adhesive 
wear. Because of the small amplitude of motion, the wear particles are not 
carried out of the contact area and removed from the system. The particles 
produced contribute to the wear through abrasive action. Where the mate- 
rial is steel, which is usually the case, corrosive wear may enter the pic- 
ture. The wear particles oxidize and, generally being harder than the base 
metal, expose clean metal to further oxidation. 

Fretting Corrosion. When corrosion products form at the interface, the 
process is known as fretting corrosion. Fretting corrosion of engineering 
components occurs through a combination of fatigue, corrosion, and fric- 
tional (adhesion) wear processes. 

An example of fretting corrosion is the failure of link plates in a con- 
veyor chain (Fig. 2.14) (Ref 2.73). The plates are made of 0.45% C steel, 
which, after forming, are quenched and tempered to approximately 50 HRC. 
The link plates are connected to each other by fixing a pin and bushing 
through holes in the center of overlapping circular portions of the plates. 
The mating surfaces in the overlapping areas are subjected to an oscilla- 
tory sliding motion, which accumulates rust and dust particles in between 
with progressive use. The mating areas of failed chain plates exhibit con- 
siderable reduction in thickness, caused presumably by red/brown refrac- 
tory iron oxides at the interacting interface. Failure normally occurs in the 
mating area and at the point where the circular and straight portions of the 
plates are merged. The chain plate failure occurs by formation of a crack 
at 45° to the tensile load and at a point where there is a change in the 
cross-sectional area (Fig. 2.15) (Ref 2.73). It is a failure of an otherwise 
tough material caused by tensile load on the reduced cross section due to 
fretting corrosion and aided by sharp change in section dimensions at the 
point of initiation. 


Corrosion 


The dissolution of metallic elements by the formation of ions by elec- 
tron loss is known as an anodic reaction: 


Tensile load 


Crack at 45° 
to Tensile 
Axis 


(a) (b) 


Fig. 2.14 (a) Fretting corrosion in roller chain plate. (b) Roller chain plate 
with blue oxide coating. Source: Ref 2.73 
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Fe = Fe% + 2e~ 
Zn = Zn” + 2e7 (Eq 2.22) 


The reaction of water or oxygen with electrons from the surface is 
known as a cathodic reaction and occurs in cathodic areas. 

The anodic (B,) and cathodic (f,) reactions are plotted in Fig. 2.16. The 
current and voltage at the intersection of Tafel slopes (extrapolated) are 
the corrosion current (I) and corrosion voltage (E.), respectively. The 
metal loss is related to the corrosion current (I) by Faraday’s law: 


Corrosion rate (mpy) = 0.131 x I, x E,/p (Eq 2.23) 


where mpy denotes corrosion loss in mils per year (0.001 in./year), E, is 
the equivalent weight of the alloy, and p is the density of the alloy. Similar 


Fig. 2.15  Fretting fracture surface of chain plate. Crack origin is at changing 
section. Scanning electron microscope image. Source: Ref 2.73 


Potential, V 


Current 


Fig. 2.16 Schematic polarization curve 
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to other types of wear, corrosion is expressed in terms of dimensional 
losses. 


Types of Corrosion 


The different types of corrosion include the following. 

Galvanic Corrosion. When two dissimilar metals are in contact in a 
conductive solution, the more anodic metal is corroded while the cathodic 
metal remains unaffected. For galvanic corrosion, solution potentials of 
galvanic pairs are more dependent than the electromotive force (emf) val- 
ues. For example, in a zinc-aluminum galvanic pair in aqueous solution, 
zinc dissolves preferentially due to its anodic solution potential in com- 
parison to aluminum, although aluminum is anodic to zinc in emf series. 

Zinc coating on steel continues to be effective even when the coating 
becomes discontinuous, and the substrate is thus exposed to a corrosive 
environment anodic to steel and the cathodic area of exposed steel is 
small. Zinc will corrode at a slow rate, and the steel remains protected for 
a long time. 

Intergranular Corrosion. A common example of intergranular corro- 
sion is weld decay in stainless steel weld overlay. The slow cooling of 
stainless steel weld overlay in the temperature range of 500 to 850 °C 
(930 to 1560 °F) leads to formation of chromium carbides at grain bound- 
aries. The chromium-depleted grain boundaries become susceptible to in- 
tergranular corrosion or weld decay in corrosive environments. Fast 
cooling in the range or the presence of a stronger carbide former than 
chromium, such as niobium or titanium, in the stainless steel composition 
prevents weld decay. The use of niobium or a titanium-stabilized grade of 
austenitic stainless steel for the weld overlay is a preferred solution to this 
problem. 

Crevice Corrosion. This type of corrosion commonly occurs in crev- 
ices or enclosed areas produced by mating parts such as gaskets, sleeves, 
or screw-threaded fittings, where the access to oxygen for the entrapped 
liquid is restricted. Lower-oxygen-content liquid in the crevices leads to 
the formation of an oxygen-concentration cell in which the metal surface 
in contact corrodes rapidly. 

Parting Corrosion. The preferential removal of an element from an 
alloy by corrosion is known as parting corrosion or selective leaching. 
Dezincification of brass containing less than 85% Cu in water containing 
dissolved oxygen, denickelification of copper-nickel alloys in fresh water, 
and removal of iron from gray cast iron in aqueous solution are a few 
among many examples of parting corrosion. The parting corrosion of bur- 
ied gray iron pipes and fittings leaves behind a skeleton of graphite. 

Pitting Corrosion. Localized corrosion leads to formation of depres- 
sions or pits on the surface. The pits act as stress raisers and lead to failure 
of the component. Stainless steels are susceptible to pitting in chloride- 
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containing solutions. The addition of molybdenum (2%) improves pitting 
resistance in stainless steel. 

Stress Corrosion. When a component is subjected to high static tensile 
stress in the presence of a corrosive environment, stress-corrosion cracking 
can occur. Stress-corrosion cracking is mostly intergranular, but transgran- 
ular cracking can also occur. In addition to stresses, both applied and re- 
sidual, and the presence of certain chemicals, the alloy composition and 
microstructure are important factors controlling stress-corrosion cracking. 

High-Temperature Corrosion. In addition to creep and thermal fa- 
tigue, the exposure to high temperature in the corrosive environment leads 
to oxidation, carburization, nitriding, halogen erosion, sulfidization, and 
molten salt corrosion. The use of chromium and/or aluminum coatings 
prevents high-temperature oxidation. A series of nickel-base alloys as such 
or as coatings minimize carburization, nitriding, halogen erosion, and sul- 
fidization (Ref 2.1). 


Corrosion Tests 


The standard chemical tests include exposure to chemicals under stan- 
dard conditions and measuring the weight loss after stipulated periods of 
exposure. The weight loss is reported as corrosion rate by different units, 
such as mpy (mils per year) or in./yr, um/yr, and others. 

The standard chemical tests for corrosion include ASTM G85 (salt spray 
test), G28 (intergranular corrosion), and G746 (pitting and crevice). 

Electrochemical methods are primarily used for ranking the alloys and 
in the development of corrosion-resistant coatings. Excellent correlation 
can often be found between the corrosion rates obtained by linear polar- 
ization and the conventional weight-loss method. ASTM G5 is a standard 
reference method for potentiometer and potentiodynamic anodic polariza- 
tion measurements. 


Corrosion-Protection Systems 


Corrosion-protection systems normally make use of coatings to prevent 
the corrosive media from acting on the substrate. The corrosion-protection 
coating depends on the type of corrosion. There are three basic types of 
coatings. 

Anodic Coating to Substrate. Zinc and aluminum are anodic to steel. 
An anodic coating by zinc or aluminum provides cathodic or sacrificial 
corrosion protection to the steel substrate. A heavy coating of zinc or alu- 
minum can provide protection against severe corrosion by extending the 
life of a steel structure by 15 to 50 years. 

In addition to galvanizing, thermal spray zinc coating is extensively 
used to protect steel structures such as highways, bridges, and other steel 
structures. The addition of aluminum to zinc improves coating life. 
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Cathodic Coatings. A stainless steel or nickel-base alloy would be ca- 
thodic to the steel base, thus providing protection to the substrate steel 
material. It is essential to provide a complete barrier to the substrate; other- 
wise, exposure to the substrate would result in an accelerated rate of corro- 
sion. Thicker coatings provide better protection than thinner coatings. 

Inert Barrier Layer. Neutral materials such as ceramic or polymeric 
coatings provide a barrier layer to corrosion. Dense ceramic coatings pro- 
vide excellent wear and corrosion resistance. However, for stainless steel 
substrate, exclusion of oxygen can cause crevice corrosion, thus requiring 
a nickel-chromium bond coat. 

Polymeric coatings can form an inert barrier layer between the metal 
and corrosive fluids. A layer of fusion-bonded epoxy is extensively used 
on reinforcing bars (or rebar) to construct buildings, bridges, highways, 
and monorail corridor. The cracks or porosities in cement can cause the 
ingress of salty water in marine atmospheres, thus causing corrosion to 
rebar. The barrier coating offers protection against corrosion in marine 
atmospheres and improves the life span of the structure. A layer of thermal 
spray zinc coating on the rebar, followed by fusion-bonded epoxy, would 
ensure protection against corrosion in the event of cracks or failure of the 
epoxy layer. Thermally sprayed dense ceramic coatings are used as seals 
in pumps carrying corrosive fluids. The porosities in the surface layer of a 
ceramic coating can be closed by laser fusing. 

A selected list of corrosion-protection systems is tabulated in Table 2.18. 


Table 2.18 Different types of corrosion-protection systems with examples 


Type of corrosion/protection Application Surface treatment 


Cathodic protection 
Anodic protection 


Steel structures, bridges, highways 

Equipment and machinery made from 
steel 

Steel base rolls for textile mill 


Anodic coating of Zn or Al 
Cathodic nickel-base coating on 
steel 


Neutral coating Neutral coating of wear- and 


Neutral or barrier layer 


Fretting corrosion 


Sulfide corrosion 


Dealloying or parting corrosion 


Hot corrosion erosion, burning of 
valve face 


Stress-corrosion cracking 

Fire cracking/fire checking 

Corrosion due to alternate exposure 
to seawater/ atmosphere 

Pitting corrosion in cast iron or steel 
cylinder in exposure to pulp at pH 
3.5-8.5 


working in acidic and alkaline 
solution 
Reinforcing steel bars; exposure to 
marine atmosphere 
Industrial/timing chain plates 


Boiler tubes in black liquor recovery 
plants in pulp industry 

Dezincification in welded aluminum 
brass with aluminum brass rod 


Engine valves 


Concast rolls 
Splash zone in off-shore structures 


Yankee dryer in paper mill 


corrosion-resistant ceramics, such 
as Al O}, Cr,03, TiO, 

Fusion-bonded epoxy as barrier 
layer coating 

Oxidation at 200-350 °C in steam or 
salt bath to form stable blue or 
brown oxide film 

Thermal spray coating of Fe-Cr-Al 
alloy (Kanthal type) 

Use brazing alloy of BAg-1 (Ag- 
15Cu-16Zn-24Cd) instead of 
welding with Al-brass 

Plasma-transferred arc deposit on 
valve flange with Stellite 6/Stellite 
32/Ni-60 

Weld surfacing with AISI 410 


Thermal spray of NiCrBSiC alloy 


Thermal spray AISI 410 or Mo/or 
NiCrBSiC 

Seal top surface with sealant such as 
epoxy 
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Thermal Wear 


Thermal wear is defined as the process resulting in loss of material from 
the combined effect of heat and the wear system. 

Microstructural changes such as recrystallization, grain growth, pre- 
cipitation, and coarsening of precipitates at elevated temperatures occur 
through annealing, tempering, and aging processes. The nature and extent 
of the microstructural changes depend on the time and temperature. The 
microstructure and related properties determine the extent of wear. 

In general, strength and hardness decrease with increasing temperature 
unless there are transformations leading to strengthening of the materials. 
The precipitation of hard carbides and intermetallics can lead to improve- 
ment in hardness of alloys at elevated temperatures. For example, the pre- 
cipitation of nickel aluminide (gamma prime phase) leads to an increase in 
yield strength of nickel-base Nimonic alloys at higher temperature up to 
0.58 T., (T,, is the melting point of the alloy). Similarly, the precipitation 
of strong carbides, such as WC, TiC, NbC, and mixed carbides, improves 
the high-temperature hardness of materials. High-temperature alloys, such 
as Nimonics, Hastelloy, Inconel, and Stellites, retain their hardness and 
wear-resistance properties at elevated temperatures due to high-temperature 
transformation processes (Ref 2.74). The presence of high chromium in 
these alloys prevents oxidation at elevated temperatures. 

These alloys are extensively used in high-temperature applications due 
to high hardness and consequent low wear at elevated temperatures. 

A list of selected thermal wear applications is included in Table 2.19 


(Ref 2.1). 

Table 2.19 Selected list of high-temperature applications 

Applications Type of wear Counterbody and/or temperature | Recommended materials/process 
Automotive 


Stellite 6/32/F/12, Ni-60, or 
Nimonics as weld overlay 
on valve face 


Engine valves Adhesive/impact Valve seat (Stellite 6) 


Gasoline 


Diesel 


Natural gas 


Oxidation 
Thermal spalling 


Corrosion at 950 °C 
(1710 °F) 


Corrosion at 870 °C 
(1570 °F) 

Unlubricated 
adhesion 


Steel components/metalworking 


Bar forging hammer 
Forging die 
Hot shear blade 


Continuous casting roller 
Sinter fan blades overlay 


Source: Ref 2.1 


Adhesive/impact 
Adhesive/impact 
Adhesive/impact 
Adhesive/corrosive 
Erosion 


Combustion product 

350-1150 °C (660-2100 °F) 
(cycle) 

PbO 


Sulfides 


Seat material 


Hot steel (1100 °C, or 1830 °F) 
Hot steel (1000 °C, or 1830 °F) 
Hot steel (1000 °C, or 1830 °F) 
Molten steel 

Hot sinter particles 


Stellite 6/32/F/12, Ni-60, or 
Nimonics as weld overlay 
on valve face 


Nimonic weld on H11 
Maraging steel weld 
Hastelloy weld 

AISI 410 steel weld 
High-chromium-iron weld 
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Wear of Ceramic Materials 


Ceramics are generally brittle, and fracture occurs with little or no plas- 
tic deformation. The fracture toughness of brittle ceramics plays an im- 
portant role in the life span of ceramics. 

The fracture toughness of ceramic material is related to hardness by the 
following equation: 


1/2 3/2 
Ky= oore( z) (=) (Eq 2.24) 
Hj) \c 


where K,, is the fracture toughness (MPavm), P is the indenter load (kgf), 
C is the crack length (mm), E is Young’s modulus (GPa), and H is the 
hardness (GPa). 

The equation for the wear of ceramic materials based on fracture me- 
chanics, as proposed by Evans and Marshall (Ref 2.75), is: 


gN” 
V= p235 p05 47 -0.625 (=) S (Eq 2.25) 


where V is the wear volume (m°), S is the sliding distance (m), P, is the 
applied load (MPa), K, is the fracture toughness (MPavim), H is the hard- 
ness (GPa), and E is the elastic modulus (GPa). 

The wear volume is directly proportional to the applied load, sliding 
distance, and elastic modulus and inversely proportional to the fracture 
toughness and hardness. The high hardness of ceramics makes them ideal 
wear-resistant materials. However, their lower toughness restricts their 
applications in areas where there is no impact, bending, or point loading. 
Equation 2.26 is approximately expressed: 


Fy 
Eq 2.26 
KA (Eq ) 


where Fy = P, = applied load = P125; 1/VH = H625; K is the wear con- 
stant = (E/H)°®; and K, is the critical stress-intensity factor. Equation 2.26 
is in line with the earlier wear equation for metallic materials, except that 
H is replaced by VHK.. 

Effect of Hardness. The hardness of ceramic materials is the key ele- 
ment in controlling wear volume. Hardness varies over a wide range in 
ceramics, from 1000 Knoop for SiC to 7000 Knoop for cubic boron ni- 
tride or 10,000 Knoop for diamond (Table 2.20). The variation in hardness 
is related to numerous factors, including chemical composition, crystal 
structure, and grain size. An example of two different crystal structures of 
the same material but with widely different hardnesses is soft hexagonal 
boron nitride and ultrahigh hard cubic boron nitride. 


xK 


AlN 
u 
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Table 2.20 Hardness of selected ceramic materials 


Material Knoop hardness, kg/mm? 
Diamond 8,000-10,000 
Cubic boron nitride (CBN) 7,000 

B,C, hot pressed 2,800 

TiC 2,750 

WC (cast) 3,200 

WC (sintered) 2,400 

TiN 1,800 

SiC 2,500 
Partially stabilized zirconia (9% MgO) 1,520 

Al,O, 1,800 

SiC (sintered) 1,000 

Si,N, (reaction bonded) 1,700-2,200 


Source: Ref 2.1 


The composition of tungsten carbide as W,C has a hardness of 3200 
Knoop, while the leaner-tungsten composition WC has a hardness of 2400 
Knoop. Grain boundaries act as barriers to slip or twinning, and thus, finer 
grain size improves both the crack resistance (toughness) and hardness. 

The wear factor (WF ) or wear resistance of ceramic material is related 
to grain size (Ref 2.76): 


WF = WF, + Kd” (Œq 2.27) 


where WF, is the initial wear factor, K is a constant, d is the grain size, and 
n is an exponent. The plot of log (WF ) against log - d produces a straight 
line with slope n. 

The slope n varies from 0.5 to 2. For tetragonal zirconia polycrys- 
tal zirconia, n is found to be 0.5 to 0.33. For Al,O,, n varies from 0.5 to 2 
(Ref 2.77). 

The relation between wear factor and grain size in brittle ceramics is 
similar to that of yield stress and grain size in ductile metallic material. 
Yield stress is the stress where deformation wear occurs in ductile mate- 
rial. In ductile material, yield stress is proportional to (grain size)", with n 
equaling 0.5. 

Friction Coefficient. For ceramic pairs, the coefficient of friction can 
be high (u > 0.5) in a range of operating conditions. The ceramic-to- 
ceramic contact of two brittle materials with low fracture toughness and 
high coefficient of friction can lead to high wear and early fracture. The 
friction coefficient of carbides and nitrides with metals can be lower than 
0.5 for physical and chemical vapor deposition coatings. 

Wear Mechanism. Material removal by wear in ceramic materials oc- 
curs by any one or a combination of three mechanisms: plastic deforma- 
tion, tribochemical reactions, and brittle failure. 

Plastic deformation has been observed in static and sliding contacts and 
during cutting, fatigue, and mild wear processes. 

Tribochemical reactions involve surface chemical reactions and the 
loss of reaction products from sliding friction. For example, the Si,N, 
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surface can be oxidized in a water-lubricated system, and the surface ox- 
ides are subsequently removed during sliding. 

Brittle fracture is the prime cause of wear in ceramic materials. In a 
static indentation test on a brittle material, two types of cracks can be ob- 
served: radial and lateral. The interaction of radial and lateral cracks leads 
to material removal. 

Tribological Properties and Applications of Ceramics. The unique 
properties of ceramic materials include high hardness and high heat and 
corrosion resistance (Ref. 2.78). High hardness and low toughness lead to 
high wear applications with less impact and bending applications, such as 
coatings on conveyor chutes, machine tools, and ceramic seals. Ceramics 
are used as thermal barrier coatings due to high heat-resistance and insu- 
lating properties. Inert dense ceramic materials resist corrosion (Table 2.21). 


Wear Tests for Ceramics 


Standard abrasion, adhesion, and erosion tests can be used to evaluate 
the wear properties of ceramic materials. The test results of dry sand abra- 
sion (ASTM G65, procedure A) and friction tests carried out on selected 
ceramic materials (Ref 2.79) are shown in Table 2.22. 

The abrasive wear resistance of the ceramic material increases pro- 
gressively with the increase in hardness: Al,O, (1800 HV) — Sialon 
(1950 HV) > SiC (2500 HV) > Al,0,-TiC — WC (3200 HV). 

The volume loss in abrasion decreases linearly with hardness (Fig. 2.17) 
from cemented carbide to Sialon. For Al,O,, a considerable loss in volume 
indicates a possible change in slope in the wear volume in the lower hard- 
ness range. 


Table 2.21 Selected applications based on properties of ceramic materials 


Property Tribological use Application 
High hardness High abrasion resistance Conveyor chute abrasive minerals 
High adhesion resistance TiN coating for machine tools 
High scuffing resistance and low friction Superfinished ceramic seals 
coefficient 
Thermal Heat resistance and insulation Thermal barrier coating of stabilized ZrO, 
Corrosion resistance Muddy sand and seawater Piston cylinder (WC coating) seawater pump 


in submarine 


Source: Ref 2.78 


Table 2.22 Wear properties of selected ceramics 


Material Volume loss in ASTM G65 test(a), mm? Volume loss in alpha friction test(b), mm? 


ALO, 41.7 0.160 
A1,O,-TiC 48 0.143 
Sialon 9.8 2.440 
SiC 73 0.677 
Cemented carbides 2.2-14.3 0.004—0.080. 


(a) Test parameters: 6000 revolutions, 13.6 kg (30 Ib) load, rubber wheel. (b) Test parameters: 10,000 revolutions, 27.2 kg (60 Ib) load, 
cemented carbide wheel. Source: Ref 2.75, 2.79 
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Fig. 2.17 Volume loss vs. hardness of ceramics 


The frictional or adhesive wear rates of ceramic materials mated against 
cemented carbide tend to increase in the following order (Table 2.22): 
cemented carbide (WC-Co) — Al,O,-TiC — AI,O, > SiC—> Sialon. 

The fracture toughness of ceramic coatings is calculated from the 
lengths and diagonals of cracks in microindentation hardness tests, using 
the Evans and Marshall equation: 


K,, = 0.00868(c/a)-3 (Ha)! (HÆJ !2 (Eq 2.28) 


where c is the average length of cracks across diagonals (c, + c,)/2 (mm), 
n is the length of the diagonals (a, + a,)/2 (mm), H is Vickers hardness, 
and E is Young’s modulus (kgf/mm?). 

High-Temperature Hardness of Ceramics. Hot hardness of ceramics 
decreases with increasing temperature. However, the rate of decrease in 
hardness can change above certain temperatures. The hot hardness of 
Y,O,-stabilized zirconia decreases linearly with the increase in tempera- 
ture (Ref 2.80) from 1243 HV at room temperature to 833 HV at 750 °C 
(1380 °F) in accordance with the following equation: 


HV = 1243 — 1.070 - 0 (Eq 2.29) 


where 9 is the temperature in Centigrade. However, at 750 °C, the slope 
changes, and further decline follows the relation: 


HV = 833 — 0.48 - 0 (Eq 2.30) 


High-Temperature Fracture Toughness. The variation in fracture 
toughness of Y,O,-stabilized zirconia with increasing temperature shows 
three transitions: 450, 600, and 725 °C (840, 1110, and 1340 °F), resulting 


Chapter 2: Green Tribology / 89 


in different equations to define the changing slopes in the fall in fracture 
toughness (K,,). 

Wear Map of Ceramics (Ref 2.81). The wear maps of ceramics are 
similar to those for metallic materials (Ref 2.47) and are drawn from the 
experimental values in sliding conditions of loads, velocities, and tem- 
peratures. However, instead of normalized pressure and velocity, the me- 
chanical severity (S,,,) and thermal severity (S„) are the two parameters 
used as two axes of the diagram, and the regions of mild and severe wear 
are defined on the degree of surface roughness (Ref 2.81). 


Wear of Polymers (Ref 2.82-2.85) 


Polymers or plastic materials are made of repeated combinations or 
chains of numerous covalent-bonded small units, each one known as a 
“mer.” As the polymer size grows, the melting or softening point increases, 
and the polymer becomes stronger and more rigid. The polymers can have 
linear, branched, or cross-linked chains. Some polymers are flexible and 
retain their properties on thermal cycling. These are known as thermoplas- 
tics. In cross-linked polymers, the relative movements are restricted. Some 
polymers do not become plastic after thermal cycling, and these are known 
as thermosetting resins. 

Elastomers (including rubbers) have an intermediate behavior. Elasto- 
mers can be elastically deformed to a great extent with no permanent 
change in shape. 

The transformation of polymeric materials from amorphous viscoelas- 
tic to crystalline structure occurs at or below a particular temperature, 
which is known as the glass transition temperature (T,). The glass transi- 
tions can be lowered with the use of plasticizers. The degree of crystallin- 
ity is the volume fraction of the crystalline phase. The partially crystalline 
polymers, such as polytetrafluoroethylene and polyethylene, are mixtures 
of amorphous and crystalline materials. 

The temperature at which polymers burn is known as the degradation 
temperature (T). Polymeric materials retain their characteristic viscoelas- 
tic properties in the temperature range of T, to T,. 

The thermal conductivity of polymers is low, and it is approximately 
0.05% that of pure copper. Any frictional heat generated in wear must be 
removed, in view of the low melting points of polymers. 

Hardness of polymeric material is in the range of 80 HRR to 80 HRM. 
The effect of such low hardness on wear is insignificant. The strength-to- 
weight ratio is very high, making polymers suitable for light structural 
materials. 


Polymer Wear 
Friction. Under normal load, the friction of a polymer is expressed as: 


F=k." (Eq 2.31) 
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where F is the force of friction, L is the normal load, and k is a proportion- 
ality constant. If n < 1, then p = F/L = coefficient of friction. The value of 
the friction coefficient decreases with increasing load. The value can range 


from 0.06 to 0.96. 

Wear (Ref 2.82, 2.83). Lewis (Ref 2.82) developed the following 
equation: 
W= KLvt (Eq 2.32) 


where L is the load, v is the sliding speed, t is the sliding time, and K is a 
constant. This equation is normally used for unlubricated wear of poly- 
meric materials. When the apparent area of contact is constant, the wear 
(W) is expressed in terms of wear depths: 


h = KPvt (Eq 2.33) 


where K is the wear factor, and P = apparent pressure = L/A. 

The wear factor, K, is constant over a range of pressures and velocities 
and also in the useful Pv range for bearing applications. The limiting Pv 
conditions arise from an increase in wear rate when a rapid temperature 
rise is produced on the sliding surfaces. 

Limiting Pv values at various speeds (m/s) are expressed in units of 
MPa x m/s in Table 2.23. In the United States, Pv limits are expressed at 
a fixed speed of 100 fpm (feet per minute) in terms of psi-fpm units (Ref 
2.84). 

Erosion Wear of Thermoplastic Materials. The brittle index of ther- 
moplastic materials is the ratio of hardness (H) to fracture energy (G,,). 
The brittle index gives a fair indication of erosion of polymers under 
impact erosion. Erosion tests were carried out by impacting steel balls 
(50 um, or 2 mils, in diameter) at a 90° angle with a velocity of 57 m/s 
(187 ft/s) and a flow rate of 4.6 g/s (0.16 oz/s). The brittle index and the 
erosion values of polymers were normalized with respect to polyethylene. 
Normalized values of erosion rates are virtually similar to the brittle index 
(Table 2.24) (Ref 2.1). Therefore, the brittle index is useful for assessing 
the erosion rate of polymeric materials under impact loading. 

The softer polymers (polyethylene, polypropylene, polybutene-1), after 
the initial incubation period, stabilize to a linear erosion rate. The more 


Table 2.23 Frictional wear of selected polymeric materials 


Limiting Pv, MPa x m/s, at: 
Specific wear rate, Friction coefficient wld Z 


Thermoplastic 107mm?/Nm on steel 0.05 m/s 0.5 m/s 5 m/s 
Polycarbonate 480 0.35 0.03 0.01 <0.01 
Acetal (homopolymer) 125 0.2 0.14 0.12 0.09 


Nylon 6/6 38 0.25 0.11 0.09 <0.0 
Polyimide 30 0.4-0.6 4.0 a 


Source: Ref 2.83, 2.84 
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Table 2.24 Erosion resistance of selected polymers 


Brittle index Normalized 

Erosion rate Hardness Fracture energy (H/G,, vs. H/G for erosion rate 
Material Structure(a) (E), Ws (H), MPa (Gid, KJ/m? polyethylene, PE) (EJE ypr)) 
Polystyrene A 15.00 117 0.9 16.6 10.34 
Polyethylene SC 1.45 41 5.4 1.0 1.0 
Polypropylene SC5A 1.11 53 15.0 0.46 0.77 
Polypropylene SC20A 0.23 31 20.4 0.16 0.16 
Polybutene SC 0.44 27 13.5 0.26 0.30 


(a) A, amorphous; SC, semicrystalline; SC5A, semicrystalline 5% atactic; SC20A, semicrystalline 20% atactic. Source: Ref 2.1 


brittle polymers (polystyrene) show the highest erosion rate and no incu- 
bation time. The morphology affects the wear of semicrystalline poly- 
mers. For example, a coarse spherulitic microstructure in polypropylene 
wears faster than a fine spherulitic one. A decrease in testing temperature 
increases the wear rate. Polyethylene terephalate reinforced with short 
glass fibers performs better than polypropylene under such conditions 
(Ref 2.85). 

Erosion on different polymeric materials can be summarized as follows 
(Ref 2.85): 


* Erosion is higher for polymers with a T, above room temperature than 
those with T, below room temperature. 

* In polymers with a T, below room temperature, the erosive wear di- 
minishes as the difference between the actual temperature and T, 
increases. 

e Erosion is least for low-modulus, highly elastic rubbers or elastomeric 
polyurethane. 

e Amorphous material erodes faster than semicrystalline thermoplastics. 


Summary 


In this chapter, different wear and frictional processes leading to loss of 
materials, energy, and reduction in service life span of materials (metals, 
alloys, ceramics, polymers, and composites) are discussed. Also discussed 
are the options available to minimize wear and energy loss and improve 
life cycle in tribologically interactive processes. 

Green Tribology. Tribology or triboscience is the science of friction, 
wear, and lubrication of interacting surfaces in relative motion. The loss of 
material from the surface by wear reduces the service life of the compo- 
nent. The scrapping of an engineered component made from nonrenew- 
able resources at an early stage in life due to wear goes against the ethics 
of the conservation of natural resources. Frictional processes lead to dis- 
sipation of a part of input energy. Energy loss also occurs in the wear of 
material. 

Green or environmentally-friendly tribology emphasizes those aspects 
of interacting surfaces in relative motion, which are of importance for 
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energy conservation and conversion with respect to environmental sus- 
tainability and which have a major impact on the concurrent environmen- 
tal problems of global warming. 

Wear occurs at the surface of a material during interaction with a coun- 
termaterial and the working environment. Wear is not an intrinsic property 
of the material but a system property. 

The different types of wear processes, based on interactions of counter- 
bodies, include abrasion (action of free or embedded abrasive particles), 
adhesion (mating of similar or dissimilar material), erosion (suspended 
particles in fluid media or fluids), corrosion (chemically reactive media), 
thermal (heat), and fatigue (alternate or cyclic stress). In practice, a com- 
bination of wear processes is encountered. However, predominant ones 
normally play a major role in the degradation process. 

In the general form of the wear equation (Archard equation), the wear 
volume is directly proportional to the sliding distance and the applied nor- 
mal force and inversely proportional to the hardness or yield stress of the 
softer surface. 

Wear volume is determined from the standard or wear simulation tests. 
Energy loss is directly proportional to wear volume and can be evaluated 
by using the wear equation. Life cycle can be determined from steady- 
state wear data. Material loss in wear is reported in terms of volume and 
not mass. 

Abrasive Wear. In abrasive wear, loss of material from the surface is 
caused by sliding abrasives under load. Abrasives can be free-flowing par- 
ticles (three-body abrasion) between two interacting bodies or attached to 
the counterbody (two-body abrasion). Approximately 50% of mechanical 
parts are subjected to abrasive wear, making it the largest tribological sink 
for energy and materials. 

Apart from surface hardness, abrasive wear depends on the ratio of 
abrasive hardness (H,) to the metal hardness (H,,).The transition from 
high to low wear takes place when the ratio of H,,/H, is in the range of 0.7 
to 1.1 The most widely used abrasive wear test method is ASTM G65. 

The energy loss in abrasive wear is calculated from wear volume loss 
(V) in a standard test (ASTM G65) multiplied by the corresponding 
hardness of the material (H). Energy consumption increases with wear 
volume and/or hardness of the material. Extremely high-hardness mate- 
rial with moderate wear loss can cause higher energy loss than material 
with moderate hardness with similar or lower wear loss. Comparative life 
cycles are estimated from wear rates of the materials. The removal of 
material by abrasive action can be caused by plowing, wedge forming, or 
cutting, depending on the hardness and depth of penetration of the 
abrasive. 

Abrasive wear-resistant materials include white cast irons, WC-Co, 
Hadfield steel, and ceramics. 
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Adhesive Wear. In adhesive wear, the sliding surfaces under load 
adhere together through solid-phase welding of asperities. Subsequent de- 
tachment from either surface results in loss of material. Two parts of ad- 
hesive wear include material loss from the sliding surface and resistance 
to sliding motion by the counterbody. The latter is termed friction. Adhe- 
sive wear occurs in 15 to 19% of mechanical parts. Frictional energy loss 
is a major problem in automobiles. 

The general equation of wear is applicable in the case of adhesive wear. 
The range of wear coefficient values in self-mated couples has a wide 
span of 10°. Nonmetal-on-metal or nonmetal couples show the lowest co- 
efficient of adhesion, followed by progressive increase through partly 
compatible, compatible, to identical or self-mated metals. The wear rate 
of dissimilar couples does not normally exceed the rate of the poorer of 
the two individual alloys when measured in the self-mated condition. The 
self-mated pairs show low life cycles compared to dissimilar pairs. Adhe- 
sive wear tests include pin-on-disk (unidirectional, ASTM G99) and pin 
(or block)-on-ring (unidirectional, ASTM G77). An additional test in- 
cludes ASTM G98 for testing the galling resistance of materials. The load 
at which galling or seizure of the test material occurs with the counter- 
body is the galling load. 

Friction resists the relative motion of sliding a pair of materials. The 
ratio of friction force to that of normal applied load is the friction coeffi- 
cient. The friction coefficient can be determined from standard tests. En- 
ergy dissipation in friction is directly proportional to the friction coefficient, 
velocity, and pressure. A high value of the friction coefficient leads to an 
increase in energy dissipation. The input of mechanical energy at interact- 
ing solid surfaces in motion leads to friction by transformation and dissi- 
pation of energy in various forms. Input energy is the driving force in the 
transformation processes, such as adhesion and deformation wear. A part 
of the input energy is lost through heat generation and dissipation pro- 
cesses. The wear volume varies linearly with energy dissipation. The in- 
crease in energy disposition with higher load and sliding distance is found 
to vary for different material hardnesses. Extreme-hardness materials such 
as WC + 10Co may cause high energy dissipation in the frictional wear 
process, despite low volume loss. 

The use of lubricant at the interface can reduce friction. Frictional heat 
can cause transitions in the wear mechanism. The increase in surface tem- 
perature with increasing load and velocity leads to transitions in the wear 
mechanism, such as delamination, oxidation, and seizure. A wear mecha- 
nism map shows these transitions in graphical form. 

Adhesive-wear-resistant material is normally based on a dissimilar- 
materials pair or a similar-materials pair with dissimilar surface properties. 

Erosion can be defined as progressive loss of material from the solid 
surface due to mechanical interaction between that surface and a fluid, a 
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multicomponent fluid, or impinging liquid or solid particles. The esti- 
mated share of erosion in the wear of mechanical parts is approximately 
8%. Material wear arising from the high-velocity impact of particles car- 
ried in fluid streams is called solid particle erosion. The action of liquid 
droplets or fluids can lead to fluid erosion. Where the fluid is a liquid (as 
opposed to a gas), the formation and subsequent collapse of bubbles 
causes cavitational wear. 

In the solid particle erosion equation, the kinetic energy of impact, 
Ymv’, replaces F, (applied force) in the general equation of wear. The 
driving energy for erosion is the velocity of the impacting medium multi- 
plied by its mass. The range of erosion coefficient values allows improve- 
ment in erosive wear resistance from 1 to 10* fold. The erosion of ductile 
materials shows a peak at an impingement angle of approximately 20°, 
and thereafter, wear volume decreases with increasing striking angles. The 
erosion of brittle material increases with higher angles of impingement. In 
solid particle erosion, irrespective of the impingement angle, the opti- 
mum values of relative wear resistance of material (m,) are found when 
1.6 H1 < Hy, < Hypo, where Hao Ha and H are the hardness values of 
the reference material, abrasive, and target material, respectively. 

In a series of liquid erosion-cavitation tests, superior wear-resistance 
properties were found in ferritic stainless steel (12% Cr) in liquid impact 
erosion, austenitic stainless steel (18/8 stainless steel) in cavitation ero- 
sion, and Stellite 6 (Co-20Cr-4W-1C alloy) in both liquid impact and cavi- 
tation. Stellite 6 also was found to resist wear in slurry erosion. 

Specific energy is the amount of energy dissipated by erodent particles 
to remove a unit volume of material. Experimentally determined specific 
energy values show rapid increase with increasing hardness (or strength) 
of the materials. The erosion resistance of material increases with higher 
specific energy. 

Fatigue Wear. Fatigue is the progressive and localized structural dam- 
age that occurs when a material is subjected to cyclic loading. Wear gener- 
ated after repeated contact cycles is called fatigue wear, surface fatigue, or 
surface-fracture wear. 

The fatigue equation is in the same form as that of other wear equations. 
The wear volume is directly proportional to the applied load and inversely 
to the hardness of the material. However, the coefficient of fatigue wear is 
inversely related to the ratio of plane strain to fracture to effective strain. 
The fracture toughness of the surface material plays an important role in 
fatigue wear. 

Repeated loading and unloading cycles induce the formation of subsur- 
face or near-surface cracks. The growth of subsurface cracks ultimately 
leads to breakup of the surface with the formation of large fragments, 
leaving large pits in the surface (pitting). Fracture toughness of the subsur- 
face material controls the crack growth rate and hence the number of cy- 
cles to failure. 
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In rolling and sliding contacts, the maximum shear stress occurs below 
the surface and roughly at a depth equal to half of the Hertzian contact 
radius. Normally, this region is within the hard carburized or nitrided case 
thickness. Thick, hard surface layers in carburized or nitrided components 
are effective in preventing fatigue crack formation in the maximum shear 
stress regions. 

Contact stresses are low in conformal contact. The detrimental contact 
stresses are localized to the areas of asperity contacts, and the highest 
stress occurs within a few micrometers of the contact interface. Therefore, 
thin chemical or physical vapor deposition coatings are effective in reduc- 
ing wear and friction in such cases. The components belonging to this 
group include journal bearings, face seals, piston/cylinders, and cutting 
and forming tools. 

Corrosion. In corrosive wear, material loss occurs through electro- 
chemical reactions at the surface. Types of corrosion include galvanic, 
intergranular, crevice, parting, pitting, and stress corrosion. 

Corrosion-protection systems normally make use of coatings to prevent 
the corrosive medium from acting on the substrate. Three basic types of 
coatings include anodic coating to substrate (e.g., protection by anodic 
zinc coating on steel structure), cathodic coatings (e.g., stainless steel or 
nickel-base alloy as protective cathodic coating to steel), and inert barrier 
layer (neutral materials such as ceramic or polymeric coatings provide a 
barrier layer to corrosion of the substrate material). 

Thermal wear is defined as the process resulting in loss of material 
from the combined effect of heat and the wear system. High-temperature 
alloys, such as Nimonics, Hastelloy, Inconel, and Stellites, retain their 
hardness and wear-resistance properties at elevated temperatures due to 
precipitation hardening. 

Ceramic Wear. Ceramics are generally brittle, and fracture occurs with 
little or no plastic deformation. The fracture toughness of brittle ceramics 
plays an important role in the life span of ceramics. In conformity with the 
general equation of wear, the wear volume of ceramics is directly propor- 
tional to the applied load and inversely to the square root of hardness 
multiplied by the stress-intensity factor. The wear resistance of ceramics 
improves with increasing hardness and fracture toughness. Wear resis- 
tance of ceramics increases with a decrease in grain size. Ceramic ma- 
terials possess excellent resistance to high-temperature wear and are 
chemically inert to various corrosive media. 

Polymer wear is related directly to load or pressure, sliding velocity, 
and sliding time. The thermal conductivity of polymer is low, and the 
frictional heat generated, if not removed, can cause burning or degrada- 
tion of polymers. Frictional heat increases with increasing Pv (pressure x 
velocity), and hence, the use of polymer is limited to the Pv combination 
when increased temperature leads to burning of the polymer. Limiting the 
Py range is a useful guide for bearing applications of polymers. 
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Green Surface 
Engineering 


SURFACES OF A SOLID are the free bounding faces forming inter- 
faces with the surrounding environment. The bulk of the material consti- 
tutes the bulk phase, while the free bounding face is known as the surface 
phase. Surface engineering involves creating a new or modified surface 
phase in the solid with the required functional properties. The functional 
properties in green surface engineering include wear and friction. Wear 
and friction occur at the surface phase. Therefore, the basic objective in 
green surface engineering is to modify the working surface(s) of the solid 
to minimize wear and friction. Green surface-engineering processes are 
therefore used to achieve the goals of green tribology. 

Surface engineering is beneficial in improving reliability, durability, 
and life span of mechanical components of equipment and machinery, re- 
ducing manufacturing time and maintenance requirements, prolonging the 
service interval, and reducing harmful exhaust emission and waste. All of 
these advantages lead to an increase in energy efficiency, material savings, 
and economic benefits, accompanied by a reduction in anthropogenic 
emissions. Anthropogenic emissions are the root cause of global warming. 
The surface-engineering practice that leads to energy and materials sav- 
ings along with emission reductions has appropriately been termed green 
surface engineering. The term green surface engineering was used for the 
first time in 2009 at a conference in London (Ref 3.1) and subsequently in 
other forums (Ref 3.2). 

Surface engineering in general and green surface engineering in par- 
ticular is one of the fastest growing technologies. Environmental legi- 
slation and penalties for anthropogenic emissions and disposal provide 
further impetus to the growth of green surface engineering. 
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Solid Surfaces and Properties 


Wear and friction are not intrinsic properties of materials. The proper- 
ties of bounding faces on surfaces control the extent of wear and friction 
in solid materials. It is therefore possible to control wear and friction by 
engineering the properties of the surface phase of the working face(s) of 
the solid. The properties of the surface phase, such as energy, microstruc- 
ture, composition, roughness, and hardness, dictate the extent of wear and 
frictional loss in a material. 

The surface of the solid, or the surface phase, retains sufficient free 
energy to remain in equilibrium with its surroundings. The amount of sur- 
face energy of the solid depends on the forming or finishing process. The 
hardness, a derived property, depends on the composition, microstructure, 
and surface energy. Finally, the roughness of the surface, or surface tex- 
ture, is dependent on the forming and finishing processes. 

The surface properties of the original surface phase can be altered by 
changing the microstructure, composition, and energy in the surface layer 
or coating of a different material to form a new surface phase. 

Wear-resistant materials are not only costly but also difficult to form 
due to high hardness. The technoeconomically viable solution is to use a 
cheaper base material with good formability and to suitably modify the 
surface properties after forming. The modular design of using cheaper 
bulk material for forming allows for a variety of wear-resistant materials. 
These materials are metals, alloys, ceramics, polymers, and composites 
surfaced in the original equipment manufacturing stage and resurfaced 
during the maintenance and repair stage, thus increasing the life cycles of 
engineering components by several fold. The list of major coating pro- 
cesses includes plating, vapor-phase deposition, diffusion processes, ther- 
mal spraying, and welding. The variety of coated engineering components 
ranges from tiny inserts with diamond-like carbon coating to critical gas 
turbine components with thermal barrier coatings. 

The modification of one or more of the following surface properties 
minimizes wear and frictional (energy) loss: 


° Surface energy 
e Microstructure 
e Roughness 

* Composition 

e Hardness 


Surface Energy 


Surface free energy is comprised of energy at the free surface, including 
energy due to grain boundaries or twin boundaries, residual or internal 
stress retained in the grains due to deformation, thermal cycling, or trans- 
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formation. Some findings on the relation of surface energy and wear in- 
clude the following. 

Alison’s Equation Relating Surface Energy with Wear and Friction. 
Alison et al. (Ref 3.3) calculated the amount of stored energy per unit 
volume (E) in the surface region of fully abraded material based on the 
following equation: 


E = fgu (M/Wp) (Eq 3.1) 


where p is the density, W is the load, g is the acceleration due to gravity, f 
is the fraction (incremental) work done in causing the specimen to slide on 
the abrasive surface (0.1 to 0.5% for the fully abraded, work-hardened 
surface), u is the frictional coefficient, and M is the mean wear per centi- 
meter. The calculated E-value is approximately 108 ergs/cm?, equivalent 
to ~10" dislocations/cm?. 

Assuming f as constant for different metals, Alison et al. (Ref 3.4) found 
a linear relation between E (surface energy in the abraded metal) and H 
(microhardness) in hexagonal metals. The relation between E and H for 
cubic metal was found to be parabolic. 

Compressive residual stress (c,) on the surface layer is inversely 
related to the fatigue strength of the material (Ref 3.5): 


o,« 1/Fatigue strength (Eq 3.2) 


The Hall-Petch equation (Ref 3.6) relates yield stress (o,) with grain 
size (d ) as follows: 


oy d"? (Eq 3.3) 


Finer grains improve yield stress and toughness and reduce wear rate. 
Robinowicz’s equation (Ref 3.7) relates surface energy (y), hardness 
(H), and wear as follows: 


Yoy/H oc Wear rate (Eq 3.4) 


Lower surface energy (y,,) and higher hardness reduce the wear rate. In- 
dium, with high y,, low H, and a ratio of 700 A, shows very high friction 
and wear. A hard-chromium-plated surface with a low y,,/H ratio of 3 A 
results in low wear and friction. A high y,,/H ratio is reduced by the use of 
lubricant, resulting in low friction and wear on the sliding surface. 

Stacking Fault Energy, Hardness, and Wear. Blau (Ref 3.8) found the 
following relation between stacking fault energy (y.p), hardness (H), and 
wear: 


Yep /H œ Wear rate (Eq 3.5) 
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It was observed that a lower normalized stacking fault energy (stacking 
fault energy divided by microhardness) results in a lower wear rate, except 
for copper-zinc and copper-aluminum alloys. Lower stacking fault energy 
(y.¢) leads to more faulted areas (twins), causing less wear. 

Binding Energy at the Surface, or Surface Energy. In a crystalline 
solid, the energy associated with the atoms bound in the surface is the 
surface energy. The applied force (F) should be equal or greater than the 
surface energy in order to dislodge material from the surface. For exam- 
ple, tungsten, with a higher binding energy of 8.66 eV, would require more 
energy than iron, with a lower binding energy, for removal of material 
from the surface by wear (Ref 3.9). The surface energy of a coating or a 
modified surface (by diffusional processes) with different compositions is 
completely different from the bulk of the solid constituting the substrate. 


Surface Morphology 


The morphological features of the surface in both macro- and microlev- 
els are important factors governing the wear and corrosion behavior of the 
material. On the macroscale, the surface roughness or general topography 
of the surface is considered the index for surface morphology. The use of 
a microscope enhances the possibilities of studying the finer details, such 
as grain and grain boundaries, different phases, defects, porosities, and so 
on, the amount and distribution of which affect the surface properties. 


Surface Roughness 


The shape of a solid surface in terms of roughness is the deviation of 
the actual topography of the solid from its nominal surface (Ref 3.10). The 
roughness of a solid surface or surface topography or texture or shape in- 
fluences the interactive processes of the surface with the environment. 

Smooth surfaces are less prone to pitting. Dawson (Ref 3.11) found that 
the factor that controls pitting is the ratio of surface roughness to oil film 
thickness, that is, the D-ratio. The correlation between the number of rev- 
olutions before pitting occurs and the D-ratio is almost linear over a 500- 
fold variation in D-ratio. 

Surface roughness (R,) also plays an important role in the failure of 
gears by scuffing. The fatigue strengths of shafts possessing different ulti- 
mate tensile strengths (UTS) are evaluated over a range of surface rough- 
ness for 10’ reversals (Fig. 3.1).The fatigue strength of a shaft with the 
same UTS is found to decrease with increasing surface roughness values 
(Ref 3.5). For example, for a 1100 MPa (160 ksi) shaft, a polished surface 
with an R, of 0.25 to 0.5 um (“A” in Fig. 3.1) results in a fatigue strength 
of 550 MPa (80 ksi); a ground surface with an R, of 1.0 to 1.5 um (“B”) 
indicates a fatigue strength of 480 MPa (70 ksi); a high-velocity-oxyfuel 
(HVOF)-sprayed surface with an R, of 1.5 to 2.2 um (“C”) has a strength 
of 410 MPa (60 ksi); and a milled surface with an R, of 2 to 2.5 um (“D”) 
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Fig. 3.1 Fatigue strength vs. tensile strength for shafts with different surface 
roughness values. Source: Ref 3.5 


results in a fatigue strength of 370 MPa (54 ksi). The HVOF process of 
deposition of material on the surface generally has no effect on fatigue 
strength, other than a slight increase in certain cases due to surface prepa- 
ration by grit blasting before spraying. 

Surface roughness depends on the surface-engineering techniques and 
the subsequent finishing operations to produce the required surface finish 
for a given application. The designer must specify both the level of sur- 
face finish and the type of finishing operation (Table 3.1). For example, 
the bore of an automobile engine cylinder must be finished to an R, value 
of 0.32 pm (12.5 pin.) with a circumferential (ground) or angular (honed) 
lay. A rougher surface leads to excessive wear, while smoother surfaces 
may cause improper sitting of piston rings, poor lubrication, and eventual 
seizure or galling of the surface (Ref 3.12). 

A surface roughness of a slightly higher order than that specified may 
lead to an increase in friction and wear, promote noise, or cause rough 
running and premature failure of machine components, such as bearings. 
On the other hand, extremely smooth surfaces are not only highly expen- 
sive to make but act as poor reservoirs of oil film. This may lead to higher 
wear and seizure. 


Surface Microstructure 


The wear of materials depends on the type, amount, and distribution of 
different phases present in the surface microstructure. Microconstituents 
of crystalline materials consist of grains (of single or multiple phases), 
precipitates, inclusions, and defects. The type of matrix (e.g., hard mar- 
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Table 3.1 Roughness values of engineered surfaces 


Surface roughness (R,) 
pm pin. Surface formative process Applications 
15.0 590 Thermal spray oxyfuel and arc Coating on boiler tubes 
7.5 295 Plasma spray Thread guide, Osepa separator 
6.5 256 Plasma spray, milling, EDM, rough grinding Clearance surface, rough machine parts 
3.2 126 Broaching, EBM, laser, barreling, grinding, Mating surfaces, soft gaskets 
sand blasting, HVOF 
1.6 63 Broaching, EBM, laser, barreling, grinding, Rolling surfaces, work rolls in cold-rolling, 
sand blasting, HVOF piston-pin bores, brake drum, gear shafts 
and bores, piston crowns, turbine blade 
dovetails 
0.80 31 Electrolytic grinding, roller burnishing Sealing surfaces (e.g., hydraulic tube 
fittings), grinding, honing, antifriction 
bearing seats, gear teeth, press-fit parts 
0.40 16 Electrolytic grinding, roller burnishing, Antifriction bearing faces and bores, motor 
electropolishing, polishing, lapping, shafts cam lobe, spline shafts, air-foil 
superfinishing compressor blades, gear teeth for heavy 
load 
0.32 12.5 Electrolytic grinding, roller burnishing, Cylinder bores, piston OD, crankshaft 
electropolishing, polishing, lapping, bearings 
superfinishing 
0.20 7.8 Electrolytic grinding, roller burnishing, Tappet valves and camfaces, hydraulic 
electropolishing, polishing, lapping, cylinder bores 
superfinishing 
0.10 3.9 Electrolytic grinding, roller burnishing, Ball bearing race, hydraulic piston rods, 
electropolishing, polishing, lapping, piston pins 
superfinishing 
0.05 2.0 Electrolytic grinding, roller burnishing, Measurement gage faces and anvils 
electropolishing, polishing, lapping, 
superfinishing 
0.02 0.8 Electrolytic grinding, roller burnishing, Measurement gage faces, anvils, bearing 
electropolishing, polishing, lapping, balls 
superfinishing 
EDM, electrical discharge machining; EBM, electron beam machining; HVOF, high-velocity oxyfuel; OD outside diameter. Source: 


Ref 3.5 


tensitic or soft austenitic) along with the amount and distribution of other 
microconstituents, such as precipitates (carbide/boride/aluminides/sili- 
cides), inclusions (MnS, SiO,, Al,O,), twins, and so on, are important 
factors that affect the wear and related properties of the material. 

Grain Size. Finer grains of the modified surface result in improved 
wear and crack-resistance properties. The grain-refining process is thus 
a recommended step for refining coarse-grained structures produced by 
high-temperature, long, surface-hardening treatments such as carburizing. 

Matrix Structure. The hardness and wear resistance of medium-carbon 
steel increases as the matrix changes from pearlite (+ ferrite) through 
bainite to martensite. While a martensitic matrix is found to cause the least 
wear in case-hardened surfaces of gears, shafts, pinions, axles, and so on, 
a fully pearlitic fine structure shows low wear in railroad rails. Rapid work 
hardening of the tough, austenitic 14% Mn steel (Hadfield steel) under 
repetitive impact load results in highly wear-resistant surfaces. The mate- 
rial is extensively used as weld overlays for railway crossings, crushing 
hammers, crusher mantles, and so on. 

Other Phases. Fine, uniformly distributed hard precipitate phases, such 
as carbides, borides, aluminides, and silicides, lead to improvement in the 
wear-resistance properties of a material. For example, in a NiCrFeSiC 
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alloy used for hard facing engine valves, the amount and distribution of 
carbides and silicides plays an important role in determining the high- 
temperature wear properties. 

Inclusions. The presence of an elongated type II MnS inclusion leads 
to lamellar tearing, whereas uniformly distributed fine sulfide inclusions 
improve machinability. The subsurface inclusion is partly responsible for 
lamellar tearing from the weld overlay (Ref 3.13). 

Point, Line, and Plane Defects. The presence of point defects leads to 
distortion of the lattice, and therefore, higher applied stress is required to 
cause deformation. The deformation process leads to the formation of 
work-hardened surface areas with high dislocation density. The work- 
hardened surface that is prestressed or stressed in situ during use shows 
low wear rates. 

Plane defects are boundary regions separating materials of the same 
crystal structure but of different orientation. Some examples of plane de- 
fects are grain boundaries, stacking faults, and twins. In low-stacking- 
fault-energy materials, such as face-centered cubic metals (iron, copper), 
a fault occurs in the stacking sequence that results in the formation of 
hexagonal close-packed structures, which interfere with the slip process. 


Surface Composition 


The role of composition in minimizing wear is summarized in the 
following. 
Original surface-modification processes include: 


° Thermal cycling process: The composition of steel in an induction- or 
flame-heated surface layer should be amenable to transformation from 
austenitic to fully martensitic during quenching in a specified quench- 
ing medium. For a fully martensitic structure, the cooling rate should 
exceed the critical cooling rate of the material and be cooled through 
the martensite start/martensite finish (M,-M,) range. Critical cooling 
rates—M.,, M,, and the M,-M, ranges—depend on the composition of 
the steel. By thermal cycling, there is no change in the surface compo- 
sition except for the formation of a thin, decarburized layer. 

e Diffusional processes: Diffusion of interstitial and/or substitutional el- 
ements leads to an increase in alloying elements in the surface layer. 
The addition of interstitials, such as carbon in steel by diffusion, al- 
lows a martensitic matrix to form in the surface layer upon quenching 
from the austenitizing temperature. The diffusion of nitrogen leads to 
hard nitride formation in the surface layer. The diffusion of substitu- 
tionals such as aluminum, chromium, or molybdenum in the surface 
layer leads to an improvement in corrosion and wear resistance of the 
surface. 


Coating Processes. In the coating process, wear-resistant materials are 
deposited on the required surface areas of the base material. The composi- 
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tion of the coating material is selected to satisfy the requirements of wear 
and/or frictional properties of the application. However, the base-material 
surface compositions may or may not change depending on the process 
employed, which include: 


e° Thermal spraying and physical vapor deposition (PVD): Base-material 
composition is not affected. Thermal spray coating processes make 
use of a wide range of materials, such as metals, alloys, ceramics, 
polymers, and composites. The PVD process is commonly used for 
deposition of hard carbides, nitrides, and diamond-like carbon (DLC) 
coatings in addition to other applications, such as a bond coat of 
MCYALY, thermal barrier coating of stabilized ZrO,, and so on. 

e Spray fusion and chemical vapor deposition (CVD): Diffusion of coat- 
ing material in the base-material surface occurs in the high-temperature 
CVD and spray fusion processes. Most hard carbide and nitride coat- 
ings in PVD can also be formed by CVD. Spray fusion processes are 
normally used to deposit self-fluxing alloys of NiCrBSiC and WC 
composites. 

e Welding: In fusion welding, the molten weld metal can pick up to 30% 
molten base material. The pickup can change the composition of the 
original coating material and a layer of base material, forming the 
weld overlay. Weld overlay materials consist of metallic alloys and 
tungsten carbide metal-matrix composites. 


Surface Hardness 


Some of the widely used surfacing processes, such as welding and ther- 
mal spraying, are called hardfacing. The wear-resistant consumables are 
known as hardfacing alloys. Surface hardness is the commonly accepted 
index for wear in the hardfacing industry. The surface-indentation hard- 
ness of selected materials in various scales is shown in Fig. 3.2. 

In weld overlay with hardfacing alloys, the deposit hardness can vary 
from 340 VPN (Stellite 21) to 700 VPN (alloyed white cast iron) or ce- 
mented carbide composites (850 VPN). 

In interstitial diffusion processes, the hardness can vary from 700 VPN 
(carburized) through 800 VPN (nitrided) to a maximum of 1300 VPN 
(boronizing). 

The thermally sprayed ceramic oxides and refractory carbides produce 
surface hardness values in the range of 1330 VPN (AI,O;) to 2100 VPN 
(WC + Co). In vapor-phase deposition processes, the deposit hardness 
values for nitrides, carbides, and borides of titanium are in the range of 
2100 (TiN) to 3500 (TiB,). Ion implantation of boron and nitrogen in 
high-speed steels can result in a surface hardness of 3500 VPN. 

The maximum hardness values of 7000 HV and above are obtained by 
DLC and diamond coatings. Pulsed ablation by nitrogen results in the 
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Fig. 3.2 Hardness of selected materials and engineered surfaces in various 

hardness scales (VPN, Vickers pyramid number). VPD, vapor-phase 
deposit; DLC, diamond-like carbon; HIP, hot isostatic pressing; HSS, high-speed 
steel; TS, thermal spray deposit; WO, weld overlay; CH, case hardened. Source: 
Ref 3.14 
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hard-coating formation of B-C,N,, which has an estimated hardness simi- 
lar to or higher than diamond. 

Sputter coatings of newly developed ultrahard AIMgB,,, with a hard- 
ness of 32 GPa (3200 VPN), and a composite with TiB, (AIMgB,,-TiB,), 
with a hardness of 48 GPa (4800 VPN), reduce wear and friction to a 
greater extent than that possible by carbides, nitrides, borides, and their 
combinations (Ref 3.15, 3.16). 

A summary of surface properties that are modified to minimize wear 
and friction is included in Table 3.2. 

The schematic in Fig. 3.3 shows the modifications of five main surface 
properties of gear teeth by surface-engineering processes, to minimize 
wear and friction. The modified surface has: 


° High compressive residual stress (“1” in Fig. 3.3) 

e Changed composition (“2”) from 0.2 to 1.2% C at sufficient case depth 
* Tempered martensitic structure (“3”) in the case 

e Hardness of 55 HRC (“5”) 

e Finished surface roughness (“4”) = 0.4 to 0.8 um (16 to 31 pin.) 


The high-hardness martensitic structure with high compressive residual 
stress and suitable surface finish is able to provide enough resistance to 
wear, friction, scuffing, and fatigue failure in service. 


Table 3.2 Summary of properties to be engineered to minimize wear and friction 


Properties to be engineered To minimize wear/friction 

Surface energy Compressive residual stress in surface layer 

Surface roughness Smooth to reduce friction but rough enough for oil retention 

Surface microstructure Tough, fine-grained matrix with hard microconstituents 

Surface composition Compositions to develop required microstructure and/or hardness across the modified 
surface layer (case or coating thickness) 

Surface hardness Higher-hardness surface should be compatible with the base material and to suit 


application. Hardness depends on microstructure, composition, and residual stress. 


SURFACE PROPERTIES ENGINEERED 
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Fig. 3.3 Modified surface properties of surface-engineered gear teeth. 

(1) Compressive residual stress generated in (2)high-carbon case of suf- 
ficient thickness with (3) martensitic structure of (5) high hardness and (4) suitable 
surface finish modifies engineered gear teeth surfaces to resist wear, friction, 
scuffing, and fatigue failure in service. 
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Green Surface-Engineering Processes 


Green surface-engineering processes belong to four basic groups: me- 
chanical, chemical, electrochemical, and thermal (Fig. 3.4). The individ- 
ual processes under each group are known by the types of operations. 

In mechanical working and induction or flame hardening, the original 
working surface layer of the material is modified without changing the 
composition. In thermal processes, such as carburizing and chromizing, 
the surface layer is enriched by diffusion of interstitial (carbon) and sub- 
stitutional (chromium) elements. In ion implantation, ions of nitrogen and 
boron are implanted in the surface layer. 

The most widely used processes are based on the formation of a hard 
coating layer by deposition of material on the working surface through 
electroplating (hard chrome plating), electroless plating (nickel-phosphorus 
coating), conversion coating (iron phosphate), sol-gel (aluminum, tita- 
nium hydroxides), and thermally assisted processes, such as vapor-phase 
deposition (TiN, DLC), thermal spraying (stabilized ZrO,), and welding 
(Stellites). 

In the coating process, the base-material properties remain mostly un- 
changed except in fusion processes, such as welding, where the fusion 
zone and the heat-affected zone have properties different from both the 
substrate and the coating materials. The composition of the fusion zone is 
a mixture of overlay and base materials due to the pickup of base materi- 
als by the weld overlay. 

Coating thickness varies widely from the micrometer range in ion 
implantation or vapor-phase deposition to a thick overlay of more than 
1.0 cm (0.4 in.) in some of the fusion welding processes, such as manual 
metal arc welding, flux-cored or metal-cored tubular electrode, and sub- 
merged arc welding. The ranges in modified surface thickness values for 
different surface-engineering processes (Ref 3.17) are shown in Fig. 3.5. 
The original figure has been modified to include the wide thickness range 
of the electrospark-deposition process (Ref 3.14). 


Surface engineering processes 
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Fig. 3.4 Classification of green surface-engineering processes 
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Fig. 3.5 Surface-engineered layer thickness ranges using different processes. 
Source: Ref 3.17 


Mechanical Surface-Engineering Processes 


Surface Finishing 


Surface integrity is the surface condition of a workpiece after being 
modified by a manufacturing process. The two main features of surface in- 
tegrity include topography characteristics and surface layer characteris- 
tics. Finishing processes change these features. The topography is made 
up of surface roughness, waviness, errors of form, and flaws. Surface to- 
pography directly affects wear, friction, and fatigue properties. The sur- 
face layer characteristics that change through processing include plastic 
deformation, residual stresses, cracks, hardness, overaging, phase changes, 
recrystallization, intergranular attack, and hydrogen embrittlement. 

Three finishing operations, such as traditional and nontraditional, alter 
surface integrity. The finishing treatment negates the surface finishes and 
thus improves surface integrity. 

Traditional processes, where the tool contacts the workpiece surface 
such as in grinding and turning, can damage the surface integrity if im- 
proper coolant and/or lubrication are used. Nontraditional processes, 
where the tool does not contact the workpiece, include electrical discharge 
machining, electrochemical machining, and chemical milling. They leave 
a stress-free surface, a remelted surface, or excessive surface roughness. 
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Finishing treatments are defined as processes that negate surface fin- 
ishes imparted by traditional and nontraditional processes or that improve 
the surface integrity. Surface finishing treatment is an important step for 
ensuring good performance of the component in service. Surface rough- 
ness specification plays a dominant role in wear and friction of the mate- 
rial. For many industrial applications, it is necessary to have surface 
roughness values within certain limits to improve the service life of the 
engineered surfaces. The surface roughness depends on the surface- 
engineering techniques used to modify the surface and the subsequent fin- 
ishing processes adopted to give the required surface finish for a specific 
application (Table 3.1). The rough wear-resistant coatings (R, = 7.5 to 
15.0 um, or 295 to 590 pin.) produced by thermal spraying on boiler 
tubes, Osepa air separators, or thread guides need no extra surface- 
finishing operations before being put into operation. Rolling surfaces of 
the work rolls in cold rolling mills are ground to R, = 1.5 um (59 pin.) to 
retain lubricating coolant and to produce the required surface finish of 
the product. Most mating, sealing, and bearing surfaces are finished within 
an R, value of 1.0 um (39 uin.). Electrolytic grinding, polishing, honing, 
and lapping are some of the methods used to produce these extremely 
smooth surfaces without any residual stress on the surface. The designer 
must specify both the required level of finish and the type of finishing 
operation. 

Laser Texturing. Mechanical and electrochemical processes for a 
finishing operation to control surface roughness are normally used to 
minimize wear and friction. Surface texturing by high-temperature laser 
(Ref 3.18) is reported to reduce wear and friction. The laser beams gener- 
ate three-dimensional patterns and change the material inner structure 
only at an extremely thin surface layer. This makes the material almost 
frictionless and less prone to wear. 


Strain Hardening of Surfaces 


Meyer Index. The hardness of a metallic material increases with in- 
creasing deformation. The hardening rate is proportional to the strain rate. 
The rate of strain hardening or work hardening can be expressed by the 
Meyer index. To determine the Meyer index (n), indentation tests are con- 
ducted over a series of loads (P), employing a 10 mm (0.39 in.) diameter 
ball and measuring the corresponding diameter (d ) of the impression. The 
relationship between P and d is expressed as (Ref 3.5): 


P= K(d )" or log P = K + n log d (Eq 3.6) 


where K is a constant for a given indenter ball size. 
Plotting log P versus log d, the Meyer index is obtained from the slope 
of the curve. Meyer index values for high-manganese austenitic steel 
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(15Cr-15Mn) and 316L stainless steel are 2.10 and 1.74, respectively 
(Fig. 3.6) (Ref 3.5). The strain-hardening rate of 15Cr-15Mn steel is 
higher than that of 316L steel. The work-hardened or strain-hardened sur- 
face resists further deformation and wear. Also, metallic materials with 
high n-values develop resistance to wear at an early stage, thus substan- 
tially reducing the wear rate during the rest of the operation. Body-centered 
cubic (bcc) metals with low n-values show lower rates of strain hardening 
when compared with face-centered cubic (fcc) metals. 


Strain-Hardening Processes 


The surface is strain hardened prior to or during the application. With 
a prehardened surface, the initial wear from heavy deformation of the 
otherwise soft surface is eliminated. Strain hardening is carried out by 
processes such as peening, rolling, or impact loading. In heavy impact ap- 
plications such as a crusher mantle, however, the surface hardens by de- 
formation during use. 

Strain Hardening by Rolling and Impact Loading. Plastic deforma- 
tion processes, such as rolling and impact loading, are extensively used 
for work hardening. The depth of hardening is limited to 1 mm (0.04 in.) 
for rolling, while for impact loading the depth can be as high as 20 mm 
(0.79 in.). 

For three austenitic stainless steels, the degree of deformation with in- 
creasing impact load is shown in Fig. 3.7. Steel 1 (15Cr-15Mn) showed 
deformation wear of 15% at a load of 130 kN (14.6 tonf) before work 
hardening occurred. Further loading resists deformation wear. For steel 
2 (13Mn-4Ni), 25% deformation wear occurred at a load of 150 kN 
(16.9 tonf) (Ref 3.19) before work hardening. Deformation wear of AISI 
307 (steel 3) continues at the same rate even after 35% deformation at 150 
kN. Austenitic manganese steels undergo less deformation wear in com- 
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Fig. 3.6 Plot for Meyer index determination. Source: Ref 3.5 
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Fig 3.7 Deformation under impact of weld overlays: (1) Mn-15Cr, (2) 13Mn- 
ANi, and (3) AISI 307 stainless steel. Source: Ref 3.5 


parison to austenitic stainless steels. Deformed layers of austenitic manga- 
nese steels transform from fcc austenite to body-centered tetragonal 
martensite, and the resultant hard surface resists further deformation. Pre- 
straining of austenitic manganese steel by rolling or impact loading to the 
required level of deformation improves the wear life in rolling/sliding/ 
impact wear of railroad frogs. The prestraining processes include fillet 
rolling, shot peening, and grinding. 

Peening is carried out with high-velocity small-diameter hard balls, 
waterjets, ultrasonic vibration, laser shot, or spark erosion. 

Waterjet or cavitation peening induces erosion and cavitational dam- 
ages on the surface. These may be the potential sites for further propaga- 
tion of wear. 

Ultrasonic vibration induces stress waves through vibrating steel pins 
that are attached to a calibrated frequency controller. In comparison to 
laser peening, ultrasonic vibration is not able to induce compressive stress 
to similar depths. 

Electrical discharge machining produces rough surfaces and needs 
abrasive microblasting to improve surface integrity (Ref 3.20). 

Shot peening can cause hardening of the surface to a depth of approxi- 
mately 0.5 mm (0.02 in.), while the waterjet is capable of hardening to a 
depth of approximately 0.1 mm (4 mils). Three distinct surface effects are 
produced by peening (Ref 3.21): 


e Work hardening: The resistance to abrasive and impact surface wear 
improves with work hardening. Peening improves wear resistance of 
materials with high work-hardening rates, such as AISI 316L. For 
hard bcc materials, such as EN8 (0.45% C steel), with limited potential 
for deformation hardening, the effect of work hardening on wear is 
negligible. 

e Surface roughness: The increase in roughness of a peened surface and 
the resultant surface asperities cause improvement in frictional wear 
resistance. Removal of the roughness from the peened surface by pol- 
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ishing results in a higher coefficient of friction and fretting wear com- 
pared with that of an unpeened surface (Ref 3.22). 

* Compressive residual stress: The residual stress in the surface layer 
after shot peening is compressive. This compressive residual surface 
stress improves the fatigue strength and thus the resistance to sliding, 
rolling, and fretting contact wear. If the residual stress is removed or 
reduced by straining or a stress-relief heat treatment, the coefficient of 
friction value of EN8 becomes similar to that of an unpeened surface. 
In contrast, there is no significant effect on the friction coefficient of 
peened AISI 316L after stress-relief treatments. After 106 cycles of 
fretting, the wear volumes for unpeened EN8 steel and AISI 316L 
steels are found to be 131 and 20 times, respectively, that of the cor- 
responding steels in the shot-peened condition (Ref 3.21). 


The highly stressed transition radius area of a marine engine crankshaft 
that is stroke peened shows improvement in bending fatigue of at least 
25% and torsional fatigue of at least 21% (Ref 3.22). The stroke peening 
process employs a hydraulic impact unit for peening by hardened balls. 
The depth effect of stroke peening extends to over 20 mm (0.79 in.). 

Laser Shot Peening. The development of surface peening with laser 
beams, known as laser shot peening, has opened up a vast area of new ap- 
plications (Ref 3.23). In this technique, short laser pulses (pulse duration 
~ 10 ns) with energies on the order of 100 J (73 ft - lbf) per pulse produced 
from a solid-state laser of approximately 1.0 kW capacity are applied. 
Neodymium-doped phosphate glass medium provides the necessary com- 
bination of high energy, shot pulse, and high repetition rates required for 
peening the surface. Laser shot peening induces residual compressive 
stress on the surface to a level equivalent to that produced by conventional 
means, or approximately 60% of the tensile strength of the material. The 
process is capable of producing compressive residual stress to a greater 
depth than that of conventional peening without any significant change in 
surface finish. Deep residual stress improves the reliability and safety of 
critical items such as compressors and turbine blades. An important addi- 
tional benefit of laser shot peening is the prevention of crack growth. 

Strain Hardening in Service. There are numerous applications where 
materials are strain hardened during use. When materials with a high rate 
of strain hardening (e.g., austenitic manganese or stainless steels, aus- 
tempered ductile iron) are allowed to face direct loading in service, the 
wear rate decreases progressively as work hardening occurs. The high- 
manganese steels are used extensively for applications involving high 
rolling and impact loading, such as crusher mantles, railroad crossings, 
and crusher hammers. With the rapid development of strain hardening 
while in service, the wear rates of the high-manganese steels decrease 
considerably after an initial run-in wear period. 
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Electrochemical Processes 


Electroplating 


Hard Chromium Plating. The most popular electroplating process for 
hardfacing is hard chromium plating (Ref 3.24). The coating is produced 
from a chromic acid solution containing one or more catalysts. The sim- 
plest solution consists of chromic oxide (CrO,) and sulfuric acid, as a 
catalyst, in a weight ratio of 100:1. 

With a hardness of approximately 800 HVN, the hard-chrome-plated 
surface exhibits low friction and wear. The electrodeposited fine structure 
contains many faults and built-in oxide and hydroxide complexes. The 
high hardness is due to a complex structure and built-in stress pattern. The 
plating thickness varies from 0.05 to 5.0 mm (0.002 to 0.2 in.). For piston 
rings, a thickness of 150 to 250 pm (6 to 10 mils) is required, depending 
on whether a light- or heavy-duty engine is involved. For deep-drawing 
tools, a thickness of 100 pm (4 mils) is normally used. 

To improve the lubrication properties of the hard-chromium-plated sur- 
face, a subsequent etching process is used to produce porosities in the 
coating. The pores serve as a reservoir for lubricants. Two types of surface 
finish, known as pit and channel, are produced. Porous chromium coatings 
are used for piston rings and cylinder bores in aircraft and diesel engines. 
They are used for original equipment and for the repair of worn compo- 
nents. Coating thicknesses of approximately 0.10 mm (4 mils) or greater 
are resistant to scoring, seizing, and galling. 

Chromium plating is done over a wide range of ferrous and nonferrous 
metals and alloys. Worn coatings are stripped and subsequently recoated 
before placing back in service. 

Environmental concerns and legislation have prompted the use of alter- 
native technologies to replace chrome plating to avoid the use of carcino- 
genic hexavalent chromium. 

Selective Plating or Brush Plating. A brush plating system consists of 
a graphite or platinum anode in the form of a stylus (or brush) wrapped 
with an absorbent cover to contain the plating solution (Ref 3.25). The 
substrate material is the cathode in a direct current plating circuit. The 
stylus or brush is selectively placed on the area to be coated. A smaller 
pencil type is used to make flash deposits. A more sophisticated unit with 
500 A output and 25 V voltage under full load is used to produce quality 
deposits of up to 0.635 mm (0.0250 in.) thick over large areas. The deposit 
is literally painted on the substrate. The systems available today (2014) 
have all the important parameters controlled by computer, offering a high 
degree of coating reproducibility and reliability. 

The technique has become an important tool for repair and maintenance 
work. Under ideal conditions, the bond strength of the deposit is equiva- 
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lent to the cohesive strength of the substrate itself. The process is used as 
an alternative to general electroplating for the selective deposition of a 
variety of metals, alloys, refractory materials, composites (MCrAIY), an- 
odizing, chromate treatments, and electropolishing. Such applications in- 
clude machine tools (correcting machining errors for taper spindle bores, 
pinion gear journals, or mismatched bores), aerospace (gas turbine com- 
ponents and airframe structures such as bearings, discs, spacers, shafts, 
hubs, nozzle supports, and valves), marine (repair of reduction gears and 
pump impellers), and many other industries. 


Electroless Plating 


Electroless or autocatalytic plating differs from electroplating in that 
the metal deposition requires no electrical current (Ref 3.5). The process 
solution consists of an aqueous mixture of the appropriate metal ions 
(most commonly copper or nickel) and a plethora of additives to catalyze, 
reduce, and stabilize the reaction, as required. The process differs from 
immersion plating in that it involves a catalytic, rather than chemical, re- 
action with the surface. For the process to work, the substrate surface must 
be catalytic to the electroless reaction. 

A primary advantage of the process is that it does not suffer from the 
current-field effects of electroplating, and uniform thickness is obtained 
independent of workpiece geometry. 

Uniform codeposition of composites containing fluoropolymers (poly- 
tetrafluoroethylene), natural and synthetic (polycrystalline) diamonds, ce- 
ramics, silicon carbides, and alumina are produced by electroless plating. 
Particles of 10 um (0.4 mil) in size are suspended in solution. Such depos- 
its exhibit excellent abrasive and adhesive wear properties. 

The solution commonly used for electroless nickel deposition is an acid 
hypophosphite bath. It contains nickel sulfate, sodium hypophosphite, and 
other additives. The nature of the reaction is such that phosphorus is code- 
posited with the nickel in the range of 8.5 to 12.5% P. As plated, the 
deposit is amorphous. The as-deposited hardness ranges from 500 to 
600 VHN. The hardness of the coating is increased to 950 VHN by heat 
treatment at 400 °C (750 °F), where the amorphous nickel-phosphorus 
transforms to its crystalline form. Electroless nickel-phosphorus coatings 
are used to improve wear-resistance properties in molds for rubber and 
plastic components, fasteners, precision instrument parts, mating compo- 
nents, drill gage blocks, tape recording heads, and guides for computers. 


Multicomponent Coatings 


Multiple layers of different coatings can be formed on the same surface 
by applying more than one deposition process. Multicomponent coatings 
consist of more than one material in a multilayered deposit. 
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An example of duplex or multicomponent coatings is a platinum alumi- 
nide overlay in gas turbine components. The platinum aluminide coatings 
give satisfactory performance up to 40,000 h against hot corrosion for 
land-based turbines (Ref 3.26). The platinum aluminide duplex coating is 
produced by electroplating platinum on the substrate prior to calorizing 
(aluminum diffusion coating). 


Chemical 


Conversion Coatings 


In this process, a thin layer of the surface of the component is chemi- 
cally converted to form a compound, such as phosphate or chromate on 
steel substrate and oxide (anodized) coating on aluminum. The porous 
phosphate coating has excellent wear resistance when lubricated. An an- 
odized coating of aluminum has excellent fretting wear resistance, whether 
a lubricant is present or not. Chromate coatings provide atmospheric cor- 
rosion resistance. 

Phosphating. When a reactive metal such as iron is immersed in a 
phosphating solution, dissolution of iron decreases the acid concentration 
at the surface, and, as a consequence, metal phosphate precipitation oc- 
curs at the interface (Ref 3.5). The metal phosphate incorporates the iron 
metal ion from the surface and converts the surface to form an integrally 
bonded coating. To prevent polarization by hydrogen and thus accelerate 
the reaction, nitrites, nitrates, chlorates, or peroxides are added to the solu- 
tion. In the order of increasing weight per unit surface, the four types of 
phosphate coatings consist of iron, zinc, heavy zinc, and manganese. 

The phosphate coating is intended to improve surface texture to in- 
crease its absorptive and adhesive characteristics. In the drawing pro- 
cess, the phosphate coating provides a base for a lubricant and also acts 
as a barrier between the metal and the die surface. In the event of incom- 
plete lubrication, the phosphate coating prevents scoring and excessive 
die wear. 

A thin coating of manganese phosphate on bobbin tube for the textile 
industry provides excellent corrosion and wear resistance (Ref 3.5). 

The phosphate coating (zinc or manganese phosphate) on a piston ring 
is softer than the ring base material and therefore wears more easily and 
quickens the bedding-in of the ring. These coatings are produced in thick- 
nesses of between 2 and 5 pm (Ref 3.27). 

Anodizing. By applying a voltage across an electrolytic cell consisting 
of an aluminum anode and an electrolyte containing sulfuric, oxalic, phos- 
phoric, or chromic acid, a thin oxide film (5 to 60 um, or 0.2 to 2.4 mils, 
thick) is formed on the aluminum surface through anodic oxidation (Ref 
3.5). 
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Anodizing is most commonly carried out on aluminum, although met- 
als such as magnesium, tantalum, titanium, and zirconium are also anod- 
ized. The anodized film consists of two layers. The formation of a very 
thin nonporous barrier layer is followed by the development of a porous 
layer covering the rest of the deposit. The anodized film is composed of 
y-Al,O,, which, on sealing in boiling water, is converted to y-AIOOH. The 
coating exhibits excellent corrosion resistance with or without sealing. Its 
fretting properties show improvement under lubrication. 


Sol-Gel Process 


In simplest terms, the sol-gel process consists of the dissolution of a sol 
material and the deposition of a gel or colloidal compound on the sub- 
strate (Ref 3.28). The dried surface, containing fine solids, has a high level 
of fine porosity. The fine solids are densified by sintering at substantially 
lower temperatures than those employed for coarser grades. For example, 
the temperature required to fuse silica is 1750 °C (3180 °F), while a dense 
sintered mass is prepared at 1100 °C (2010 °F) from a gel of silica. 

Therefore, the sol-gel process opens up a new means of producing thin 
ceramic oxide coatings on metals or ceramics. Further consolidation of 
the layer is accomplished by sintering with a laser beam. Sol-gel coatings 
are used to improve the optical properties of glass, including laser-damage- 
resistant titania on lenses and mirrors, sun-shielding glasses (colloidal 
TiO, + colloidal metal), scratch-resistant polymers (polyorganositoxanes 
modified with zirconium, aluminum, or titanium), automotive rear view 
mirrors (TiO,-SiO,-TiO,), and optical memory disks. The adhesive strength 
of a plasma-sprayed ceramic coating on a 400 stainless steel substrate in- 
creases substantially with the deposition of silica by the sol-gel treatment 
over that of an as-sprayed deposit (Ref 3.5). 


Thermally Assisted Processes 


Thermally assisted processes form the bulk of advanced surface engi- 
neering using heat sources, such as plasma, laser, arc, spark, induction, 
capacitance discharge, beams (electron, ion, solar), and innovative com- 
bustion. The links among heat sources and processes are shown in 
Fig. 3.8. Any one of the heat sources, such as plasma, laser, or arc, can be 
used for a number of surface-engineering processes. For example, plasma 
is used for nitriding (diffusion process), thermal spraying, vapor-phase 
deposition, and welding. Similarly, laser can be used for welding, thermal 
spraying, ablation and vapor-phase coating, surface heating, and fusion. 
The concentrated beams provide a high-energy source and thus reduce the 
processing time while increasing the capabilities of fusing high-melting- 
point refractory materials at a faster rate. 
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Fig. 3.8 Relation among surfacing processes and heat sources 


Surface Hardening by Thermal Treatment 


The hardenable grade of steel surface is hardened by heating the surface 
layer to austenitizing temperature and cooling it faster than the critical 
cooling rate of the steel. The martensitic structure in the surface layer 
leads to formation of a hard, wear-resistant case on the component. The 
case depth depends on the holding time at austenitizing temperature. 
There, composition of the hardened surface layer remains the same. The 
process name derives from its heat source. Flame and induction heating 
are the normally used heat sources for surface hardening. Recent additions 
include arc lamp, laser, and solar beams. 

In high-alloy steels, the carbides in the microstructure cannot get into 
the solution by short-time austenitizing treatment during the case- 
hardening process. Therefore, it is necessary to carry out solution treat- 
ment of high-alloy steels prior to carburizing. The hardness of the case 
depends on the carbon content and can vary from 52 to 62 HRC. 

In laser hardening, a thin layer of the surface is heated rapidly above the 
transformation temperature by scanning with the laser beam. Withdrawal 
of the heat source results in rapid cooling of the very thin heated area by 
the cool substrate material. The surface layer transforms to a fine-grained, 
nonequilibrium structure with excellent corrosion and wear properties. 
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Similar to laser beam, focusing a concentrated light beam from a 
300 kW arc lamp can produce heat energy of 50 kW on the surface. In 
comparison with a 20 kW CO, laser beam, a 40 kW light beam can pro- 
duce a 0.5 mm (20 mils) case depth over 3 times the surface area. The 
process is faster than other surface-hardening processes and is useful in 
surface hardening sharp tool steel die-cutter blades. 

Selective hardening of AISI 4340 steel to a depth of 1.0 to 2.0 mm (40 
to 80 mils) is achieved by using solar flux of 2 MW/m? (1290 kW/in.?) 
(Ref 3.5). 

Induction hardening of disintegrator bars used in the coal industry in- 
creases the life span several times in comparison to unsuccessful trials 
with hardfacing by welding with Stellite and chrome boride as consum- 
ables and by hard chrome plating. The bars are used to pulverize a mixture 
of 94% coal and 6% pitch. The full length of the bar is induction hardened 
to a depth of 5 mm (0.2 in.) at a hardness of 630 to 700 HV. The tough 
core of the steel bar has a hardness of 180 to 190 HV (Ref 3.29). 


Vapor-Phase Deposition 


The vapor-phase deposition process consists of vaporizing and subse- 
quent deposition of coating material from the vapor phase onto the sub- 
strate. When evaporation of the coating material is carried out with a 
high-intensity beam, such as plasma, ions, or electrons, or by electrical 
heating, the process is known as physical vapor deposition (PVD). Alter- 
natively, a volatile compound of the coating material in vapor phase at 
high temperature is allowed to decompose on the substrate to deposit the 
required elements or alloys on the surface. The alternative technique is 
known as the chemical vapor-deposition (CVD) process. 


Physical Vapor Deposition 


The physical vapor-deposition process is carried out by vaporizing the 
material to be deposited by primary processes, such as evaporation, sput- 
tering, or cathodic arc, and then condensing the vapor onto the substrate 
surface. The evaporation process is carried out by heating the coating ma- 
terial by resistance, radio-frequency induction, or high-energy beams such 
as plasma. Ion plating is carried out with the ion beam heating system. 
The PVD vacuum process is environmentally friendly. 

The PVD process is a line-of-sight process; thus, the deposit thickness 
falls off toward the edge. To eliminate line-of-sight problems, the use of a 
plasma-source ion implantation technique is adopted. In this technique, 
the ions from the plasma are accelerated normal to the target surface 
across the plasma sheath. 

Advanced vapor-phase coatings for tooling have led to increases in tool 
life and consequently productivity by several fold over the past decades. 
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In 1997, 23% of high-speed-steel-based cutting tools and 67% of ce- 
mented carbide tools worldwide were coated by physical or chemical 
vapor-deposition processes (Ref 3.30). Modern multilayer PVD coatings 
for high-performance cutting tools permit dry machining, eliminating the 
need to dispose of coolant, without reducing productivity. 

Sputtering is one of the most effective techniques for deposition of 
multilayer and multicomponent coatings. It permits transformation of 
original materials to vapor form without any intermediate liquid phase; 
thus, there is less danger of decomposition, irrespective of the melting 
points of the coating materials. The impingement of the sputtered high- 
energy particles effects penetration into the surface of the substrate, thus 
causing diffusion and improved adhesion of the coating materials. Sput- 
tering also enables multicomponent alloys of the correct composition to 
be deposited even at low temperatures by varying the partial pressure ratio 
between the reactive and process gases. 

The sputtering process is used to produce segmented structures consist- 
ing of a number of fine cracks perpendicular to the substrate surface. The 
network of small, individual segments improves strain tolerances and 
spalling due to thermal cycling. 


Physical and Chemical Vapor-Deposition Coating Materials 


Binary Carbides and Nitrides. A PVD- or CVD-deposited thin film of 
wear-resistant TiN coatings on different substrate materials has shown 
good performance for machine tools. Despite the good wear-resistance 
properties and resistance to oxidation of TiN, innovative coating materials 
with significantly improved wear and corrosion resistance appear to offer 
a viable alternative for many applications. The list of binary coating ma- 
terials includes carbides (TiC, CrC, WC, W,,C), nitrides (TiN, CrN, ZrN), 
and oxides (A1,O,). 

Ternary and Quaternary Systems. Alternative developments for bi- 
nary titanium-nitrogen systems include ternary Ti-AI-N and Ti-Zr-N and 
quaternary Ti-Al-V-N. The Ti(C,N) coating on cemented carbide shows 
improved performance (Ref 3.31). 

Wear and oxidation resistance can be improved by adding aluminum as 
a substitute for titanium, rather than increasing further metalloids to 
titanium-nitrogen. The aluminum in (Ti,Al)N is normally expected to 
form a stable oxide film when used at higher temperatures, which would 
act as a diffusion barrier layer. The tool life of (Ti,Al)N-coated high-speed 
steel drills has been extended by 3 times that of conventional TiN drills. 
High microhardness (2200 to 2400 HV) and critical load (scratch tests for 
adhesion indicate 60 N as the critical load), in conjunction with improved 
high-temperature stability due to embedded aluminum atoms, are respon- 
sible for the high wear resistance of (Ti,Al)N coating (Ref 3.31). The 
titanium-aluminum nitride coatings, (Ti,Al)N, with high hardness, good 
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wear resistance, and excellent high-temperature thermal properties (acting 
as a diffusion barrier) have become popular for coating tools in recent 
years (Ref 3.32). 

Ti-Zr-N Coating. A coating microhardness of 3000 HV is high, despite 
the lower hardness of TiN and ZrN. Formation of a superthin zirconium 
oxide layer in the crater region, acting as a barrier to diffusion wear, com- 
bined with high microhardness leads to superior cutting performance in 
comparison to the CVD TiC/TiN coating. 

Quaternary Ti-Al-Zr-N and Ti-Al-V-N. The quaternary coatings show 
inadequate cutting performance at high cutting speed compared to the 
CVD TiN coating as a standard. 

Combined Coatings. For dry machining, the PVD process is used to 
coat a lubricious carbon-base top layer (DLC) on a TiAIN substrate coat- 
ing. It has high hardness and high-temperature stability to cut or form the 
work material, whereas the lubricious carbon-base layer reduces the heat 
generation due to lower friction during chip removal or sliding against the 
work material (Ref 3.33). 

The coatings of MoS.,, WC/C, and DLC are known as low-friction coat- 
ings due to their low friction coefficient values of 0.05 to 0.25. However, 
except for CVD diamond, the other low-friction coatings show poor wear 
resistance compared to that of nitrides, carbides, and oxides. The CVD 
diamond shows ultralow friction combined with very low wear resistance 
in many applications. 

The electron beam physical vapor-deposition (EB-PVD) bond coat of 
CoCrAlY in a gas turbine also acts as an oxidation-resistant coating. The 
EB-PVD coating of stabilized ZrO, is used as a thermal barrier coating in 
jet turbines. 


Physical Vapor-Deposition Coating Properties 


Microstructure of Coating. The structure of the vacuum-evaporated 
deposit (Ref 3.34) depends on the substrate temperature. At a substrate 
temperature less than 0.26 T, (for oxides) or 0.3 T,, (for metals), where T,, 
is the melting temperature of the material, the structure of the deposit is 
fine grained and convex in shape (zone 1). At a substrate temperature be- 
tween 0.26 and 0.45 T., (for oxides) and 0.3 and 0.45 T„ (for metals), a 
columnar structure results (zone 2). This is the normal PVD temperature 
range. With further increase in temperature above 0.45 T a denser de- 
posit with improved grain formation is achieved (zone 3).The three-zone 
model is with different microstructures (Fig. 3.9) established for many 
materials, such as titanium, nickel, tungsten, Al,O,, ZrO,, and TiC. Supe- 
rior deposit purity is obtainable with a shorter distance between the sub- 
strate and the evaporation source, lower residual gas pressure, and higher 
evaporation and condensation rates. 

Progressive vapor-phase deposition leads to the growth of as-deposited 
material perpendicular to the substrate. In columnar grains, an unbonded 
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Fig. 3.9 Schematic of microstructure variation with substrate temperature in 
vapor-phase deposition 


interface or separation between two adjacent colonies, known as a leader 
defect, is often present, particularly as the coating grows in convex-curved 
surfaces due to shadowing effects (Fig. 3.9). High deposition tempera- 
tures or postcoating diffusion treatment results in increased surface diffu- 
sivity, which reduces the leaders (Ref 3.35). Also, interdiffusion between 
the coating and substrate during such treatment ensures good adhesion. 

In polycrystalline Y,O,-stabilized ZrO, coatings, in addition to microm- 
eter-sized intercolumnar channels, the grains contain nanometer-scale 
intracolumnar pores that are revealed by transmission electron micros- 
copy. Both the intercolumnar channels and intracolumnar pores help to 
reduce the conductivity of the EB-PVD yttria-stabilized zirconia coatings 
(Ref 3.36, 3.37). 

The coating thickness in vapor-phase deposition processes for both 
PVD (ion plating, magnetron sputtering, arc evaporation) and CVD of 
common coatings, such as TiN, TiAIN, ZrN, and HfN, on tool materials is 
within the micrometer range. 

Coating Hardness. Vickers microhardness values at room temperature 
under 50 g load of PVD-coated (by high-rate magnetron sputtering) TiN, 
ZrN, and HfN are 2300, 2600, and 3000 kg/mm?, respectively. However, 
with increasing temperatures, both the hardness and the hardness differ- 
ences tend to decrease until the hardness values become equal at 1000 °C 
(1832 °F), to approximately 500 kg/mm?. The PVD-coated TiAIN (25 to 
50% Al), with higher hardness (~2400 kg/mm?) than TiN, maintains some 
difference in hardness up to 800 °C (1472 °F), beyond which the hardness 
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difference becomes negligible. The microhardness of PVD coatings also 
depends on the processing technique. The PVD coatings deposited by ion 
plating and high-rate magnetron sputtering possess higher microhardness 
than the PVD coatings produced by vacuum arc evaporation. 

Nanoindentation hardness measurement is a method for measuring the 
hardness of a specimen by pressing a Berkovitz indenter into the specimen 
surface at a constant loading rate, keeping it pressed for a predetermined 
time, removing the indenter at a constant unloading rate, and finally cal- 
culating the amount of variation of the indentation depth as indentation 
hardness. Unlike the conventional methods of hardness measurement, in- 
dentation hardness is calculated at a microscopic load and is used for mea- 
surement of thin-film hardness. 

Coating Composition. Compositional analysis indicates that the PVD 
TiN coating has slightly higher nitrogen-titanium ratios compared to that 
of the CVD TiN coating (Ref 3.38). The finding supports the view that the 
PVD processes allow nitrogen atom incorporation within interstitial sites 
(Ref 3.37), which expands the TiN matrix. 

Residual Stress. The PVD coatings may retain a high compressive re- 
sidual stress of 0.1 to 1% of the Young’s modulus (Ref 3.38). The high 
lattice strain and the resulting residual stress have a profound effect on the 
microhardness of the PVD coating. For example, using magnetron sput- 
tering, the increase in microhardness of PVD coatings over bulk or cor- 
responding CVD coatings is highest in HfN, followed by ZrN and TiN. 
The increase in elastic moduli of these coatings follows the same order. 
Due to substrate thermal expansion mismatch, the CVD coatings contain 
low residual stresses. Residual compressive stress in the plane of the coat- 
ing, usually produced by plasma-assisted PVD, is beneficial to improve 
wear life. 

Wear of hard ceramic coating is related to hardness and fracture tough- 
ness. The increase in hardness is normally accompanied by a decrease in 
toughness. However, a decrease in grain size leads to improvement in 
toughness as well as yield strength. Fracture toughness of high-performance 
bulk ceramic is in the range of 3 to 8 MPa: in.’*. The PVD and CVD 
coatings of the same materials show lower toughness, on the order of 0.1 
to 1.0 MPa: in.*?. 

Functional properties of the coatings include improvement in one or 
more of the tribological attributes (Table 3.3). 


Physical Vapor-Deposition Applications 


Tools and Dies. The cutting tool industry has derived maximum ben- 
efits in terms of improved wear life from the successful applications of 
PVD and CVD coatings. 

Improvements in tool life to the extent of 100 to 400% are obtained by 
hard, wear-resistant EB-PVD coatings of TiC, TiN, and TiAIN (Ref 3.39). 
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Table 3.3 Functional properties of vapor-phase-deposited coatings 


Function Physical vapor-deposition coatings 

Wear resistant Hard TiN, TiC, CrN, TiAIN 

Lubrication Ag, MoS,, nano Ag + Mo 

Wear and lubrication Diamond-like carbon, graphite-like carbon on TiN interlayer 
Diffusion barrier ALO, Pt, Pd, Rh 

Thermal barrier ZrO, stabilized by MgO or Y,O, 

Corrosion resistant Cr, Ta, Mo 

Oxidation resistant MCrAlY (“M” = Co or Ni), Pt 


The EB-PVD coatings of TiCN, TiAIN, and CrN were developed (Ref 
3.40) to cater to the needs of specific tooling applications. The new coat- 
ings replace TiN in areas where their comparative performance is superior 
to TiN. The golden-colored TiN coatings (2 to 5 um) with a hardness of 
2200 HV are widely used in cutting tools, plastic extrusion dies, and 
molds. The TiAIN coating is recommended for high-speed tooling be- 
cause it requires less lubrication. An additional lubricious carbon-base 
coating on the TiAIN layer minimizes heat generation through reduced 
friction (Ref 3.33). 

New ISO/Euronorm grades of carburizing steels with higher tempering 
temperatures (>300 °C, or >570 °F) are increasingly being used for carbu- 
rizing gears and other die and tool applications to enable TiN, TiC, and 
diamond coatings on the finished components (Ref 3.33). 

Automotive. The automotive industry anticipates a benefit in using 
coatings, for example, in powertrains and gears where the mechanical 
components are stressed under slip-rolling motion. 

The ZrCN (PVD) coating for gears and bearings increases the load- 
bearing capacity of coated gears and extends the fatigue life. The crystal- 
line ZrCN coating is found to resist slip rolling at 120 °C (250 °F) ina 
factory-filled engine oil up to 10 million cycles under an average high 
initial Hertzian contact pressure ranging between 1.5 and 2 GPa. The tests 
were carried out under the most severe lubrication regime (aside from dry 
lubrication), that is, the so-called mixed/boundary lubrication (Ref 3.41). 

Low-Friction Coating for the Automobile Industry. A high-hardness 
(1000 HV) coating of DLC-WC, with low coefficient of friction (~0.5 
against steel), is used for a large number of applications (Ref 3.33, 3.42). 
The low deposition temperature of 160 to 200 °C (320 to 390 °F) allows 
the coating to be used on a large number of engineering steels, including 
carburized steels, without becoming tempered during the coating process. 
The coating structure consists of a lamellar structure of amorphous carbon 
containing tungsten carbide precipitates. The mixed carbon/WC coating is 
found to provide solutions to the scuffing problem in plungers for diesel 
fuel-injection systems using high injection pressure. To cope with stricter 
emission regulations, the injection pressure in the fuel-injection system is 
increased significantly, thus reducing the clearance between, for example, 
plungers and barrels. The reduced clearance increases the scuffing prob- 
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lem. The antiscuffing coating of carbon/WC enables fuel savings through 
reduced clearance and the use of high injection pressure. 

The transmission performance of carburized gears in poorly lubricated 
environments is improved by the use of carbon/WC coatings. The pitting 
fatigue resistance of the coated carburized gear is increased by 10 to 15% 
compared to that of an uncoated gear. 

Piston Rings. The PVD coating based on CrN has good antiscuffing proper- 
ties. The DLC-coated piston rings in gasoline engine applications show 
significant improvement in early life behavior and reduced cylinder wear, 
especially in combination with aluminum cylinder surfaces. However, 
PVD coatings of high-hardness materials are characterized by high resid- 
ual stresses, placing restrictions on the usable coating thickness and the 
ring design (outside diameter edge). 

Frictional Wear-Resistant Nanocrystalline Silver-Molybdenum 
Coating. Advanced-heat engines and gas turbines require coatings to 
withstand high-temperature, harsh tribological conditions (Ref 3.43, 3.44). 
Silver is used as a solid lubricant in high-temperature applications (Ref 
3.43) due to its high conductivity (there is no hot spot formation due to the 
quick dissipation of frictional heat), low shear strength (which serves as a 
self-sacrificed layer), and high chemical inertness. Molybdenum and mo- 
lybdenum sulfide (MoS,) coatings are used extensively as antiscuffing and 
friction-reducing agents (Ref 3.44). The simultaneous electron beam evap- 
oration of silver and molybdenum produces nanocrystalline structures onto 
steel substrate at room temperature. The codeposited thin film contains a 
mixture of nanocrystalline silver (69%) and molybdenum (31%) in the size 
range of 8 to 47 nm. In wear tests, the film provided the lowest friction dur- 
ing the first 10 h of sliding compared to other samples, such as bare steel 
substrate, pure molybdenum coating, or molybdenum-rich (66% Mo, 34% 
Ag) films. The wear resistance in terms of wear-depth measurements is 
increased by 25 to 27% in comparison to the base steel materials. 

Aircraft. A major application of EB-PVD is the thermal barrier coating 
on aeroengine turbine components. 

Gas Turbine. The EB-PVD process is used to deposit thermal barrier 
coatings (TBCs) on aeroengine turbine components to protect against 
high-temperature wear and corrosion. The TBC coating enables use of a 
higher turbine gas entering temperature, leading to a decrease in specific 
fuel consumption (Ref 3.45). The state-of-the-art TBCs are two-layer sys- 
tems comprised of a 50 to 150 pm thick metallic bond coat and a 100 to 
125 um top coat layer of 7 to 8 wt% Y,O.-stabilized ZrO, (yttria-stabilized 
zirconia, or YSZ) (Ref 3.46). The superior performance of EB-PVD coat- 
ings compared to that of thermally sprayed TBCs is due to the microstruc- 
tures of the deposited coatings. The EB-PVD top coat consists of a thin 
region adjacent to the bond coat of polycrystalline YSZ with equiaxed 
grains followed by columnar grains (Ref 3.34, 3.35). Both inter- and intra- 
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crystalline porosity lead to lower thermal conductivity of the TBC coating 
by the EB-PVD process. In thermally sprayed TBCs, typical grain size is 
approximately 1 to 2 pm, and the coating microstructure is associated 
with intersplat boundary porosity, unmelted and partially melted particles, 
and microcracks (Ref 3.34). 

lon Beam Coating. Ion plating (ion vapor plating or ion vapor deposi- 
tion) is essentially a PVD process in a soft vacuum (1 to 107! Nm“), with 
evaporant depositing onto substrates held at a high negative potential be- 
tween 3 to 5 kV. 

The ion beam processes are used for deposition of various materials, 
such as pure metals (e.g., chromium), elements (e.g., oxygen), ceramics 
(e.g., titanium nitride), and intermetallics (e.g., nickel aluminide) for 
forming wear- and corrosion-resistant coatings. Ion plating is a favored 
process compared to the polluting electrochemical process of hard chrome 
plating. Similarly, the ion beam process of oxygen deposition on alumi- 
num has replaced anodizing in several applications. The process is also 
used to produce wear-resistant films on parts such as cutting tools and gas 
turbine blades. 

The advantages of ion plating include excellent adhesion due to an im- 
planted graded interface, good throwing power, dense deposit, and plating 
is possible on any material (metal, ceramic, and plastic). Unlike electro- 
plating, there is no effluent disposal problem or risk of hydrogen embrit- 
tlement of the deposit in ion plating. 

Ion Beam Coating of Hard Chromium. Electroplated hard chromium 
coating is widely used to resist adhesive wear. However, the process gen- 
erates hexavalent chromium, which is carcinogenic (Ref 3.47). The 
environmentally-friendly ion plating process of hard chromium coating 
eliminates the use of chemical plating solutions and the toxic wastes gen- 
erated in the process. 

A chromium coating of 5 to 10 um (0.0002 to 0.0004 in.) thickness and 
high hardness is obtained by ion plating at a low temperature of 65 °C 
(150 °F), resulting in no distortion in the coated component. The chro- 
mium is directly deposited on the substrate without any intermediate layer 
of copper or nickel. 

Hardness of the chromium coating in this process is found to be 1200 
Knoop (2 gf) compared to 750 Knoop for electroplated hard chromium, 
950 Knoop for baked hard-chromium plating, 988 Knoop for nickel plus 
hard-chromium plating, and 589 Knoop for electroless nickel plating. The 
coatings are harder than conventionally plated chromium because they are 
fully dense, hydrogen free, and compressively loaded. The thin coating 
replicates the substrate surface finish, thus eliminating the need for costly 
grinding and lapping to match the original finish. There is no alteration of 
bulk material properties due to the low temperature of 65 °C (150 °F) 
employed during coating. 
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Application areas include gears, bearings, valves, pump impellers, pis- 
tons, and shafts. The batch process used is capable of handling jobs up to 
305 mm (12 in.) in diameter and up to 180 mm (7 in.) long (Ref 3.5). 

Dual lon-Beam-Assisted Deposition (IBAD). In this process, PVD 
by means of electron beam evaporation of metals and metalloids onto the 
substrate is combined with simultaneous ion beam bombardment from an 
ion source (Ref 3.48). The simultaneous ion stitching densifies the synthe- 
sized film and improves the adherence between the film and substrate. 
Adhesive bonding to the substrate is improved by using an intermediate 
composition (graded coating) or a suitable material with good adherence 
to both the substrate and top coat. 

Excellent adhesion of metals, polymers, and ceramics is obtained with- 
out the need for excessive high temperature. Compounds such as ZrO, 
and DLC are grown by introducing reactive ion beams concurrently with 
the evaporated species. When producing high-ductility, high-temperature 
tribological coatings, such as AlO}, ZrO., silicon nitride, and boron 
nitride, the use of IBAD substantially reduces the impurity content by 
eliminating the porous, columnar microstructure commonly seen in low- 
temperature deposition. 


Chemical Vapor Deposition 


In CVD processes, the catalytic decomposition of vapor at the reaction 
temperature results in the deposition of coating material on the substrate 
(Ref 3.5). The surface of the substrate acts as a catalyst for the decomposi- 
tion reaction. The volatile chemical compounds of the coating materials 
are comprised of halides, hydrides, or organometallics. The decomposi- 
tion reactions occurring on the substrate surface are: 


Pyrolitic decomposition, for example, (C,H,,)Cr (g) “© Cr (s) + 2 CgH,, (g)t 


Hydrogen reduction of halides, for example, TiC], (g) + 2 H, (g) 24"° Ti (s) 
+4 HCl (g) Î 


Displacement reactions, for example, SiCl, (g) + CH, (g) — SiC (s) + HCl (g) t 


Disproportion process, for example, 2 Gel, (g) > Ge (s) + Gel, (g) t 


This is not a line-of-sight process like PVD or thermal spraying; thus, 
uniform coating to all the exposed surfaces is possible. For CVD coating 
of carbide or nitride, a mixture of gases is used. For example, the produc- 
tion of TiC coating requires a mixture of gases containing TiCl,(g) + CH, 
(g) + H, (g). For TiC-nitrogen coating, a mixture of gases containing TiCl, 
(g), N(CH); (g), N, (g), and H, (g) is used. 
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The thermal CVD process uses a temperature range of 800 to 1100 °C 
(1470 to 2010 °F). Thermal CVD is used to form ceramic coatings at high 
deposition rates. It is successfully used for deposition of diamond or 
diamond-like coatings. 

Plasma CVD. A major drawback of the CVD process is the require- 
ment of a high substrate temperature (~1000 °C, or 1830 °F) for the depo- 
sition process. With the use of glow discharge plasma in the CVD process, 
the substrate temperature is reduced to the same level as that of PVD 
coating. 

Plasma CVD operates at temperatures between 300 and 700 °C (570 
and 1290 °F), enabling a lower-temperature coating than that of thermal 
CVD. For example, TiN or TiC can be coated at 500 °C (930 °F) instead 
of 800 to 1100 °C (1470 to 2010 °F) in the thermal process. Tungsten 
carbide can be deposited at 225 to 525 °C (435 to 975 °F). The TiN and 
TiC coatings formed by plasma-assisted CVD have higher adhesive 
strength than similar coatings formed by ion plating and possess very 
good wear and seizure resistance. 

Microwave plasma CVD using gas mixtures of methane and hydrogen 
with additions of oxygen and carbon dioxide is used to produce diamond 
film on silicon at a substrate temperature of 870 °C (1600 °F). 

High-energy intensified plasma-assisted processing to form AIN coat- 
ing by using nontoxic nitrogen compared to toxic or flammable precursors 
is required for CVD. 

Diffused CVD Coating. In CVD, the high temperature of the work- 
piece can lead to diffusion of elements from deposited vapor-phase mate- 
rial into the surface layer of the substrate. The extent of diffusion depends 
on the time and temperature of holding. 

A temperature in the range of 900 to 1000 °C (1650 to 1830 °F) is em- 
ployed for production of carbide and nitride coatings. If the coating mate- 
rial is soluble in the substrate, then the high mobility of atoms at coating 
temperatures results in a gradual change in composition across the inter- 
face of the coating and substrate. The interface regions with such gradual 
changes in compositions are known as graded interfaces. In case of lim- 
ited mutual solubility, intermediate phases are formed. Brittle intermedi- 
ate phases affect the bonding strength of the coating with the substrate. To 
avoid brittle intermediate-phase formation and thus to improve adhesive 
bond strength, an intermediate buffer layer, known as a barrier coating, is 
produced on the substrate. For example, chromium is used as a barrier 
coating for the hard TiC top coat on ball bearing steel (AISI 52100). 

An advantage of CVD over pack cementation is the compositional flex- 
ibility, because the thermodynamics of vapor formation are separated 
from the thermodynamics of the metal-vapor reaction. High substrate 
temperatures employed in CVD coating of hard materials may cause dis- 
tortion of the component. For CVD coating on plastics, glass, or low- 
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melting-point metals, the maximum substrate temperature is maintained at 
250 °C (480 °F). 

Thickness. The coating thickness in vapor-phase deposition processes 
for both PVD (ion plating, magnetron sputtering, arc evaporation) and 
CVD of common coatings, such as TiN, TiAIN, ZrN, and HfN, on tool 
materials is within the micrometer range. In PVD, stress generated in the 
coating restricts the thickness, while high temperatures used in the CVD 
process relieve the stress, thus enabling thicker coatings. 

Microstructure. The main microstructural differences between CVD 
and the corresponding PVD coating are in grain size and lattice defects. 
Chemical vapor deposition produces relatively larger, defect-free grains 
that are thermally equilibrated due to high processing temperatures. Phys- 
ical vapor deposition leads to coatings with finer, defect-containing grains 
and unequilibrated microstructures that are promoted by energetic bom- 
bardment, low deposition temperatures, and high deposition rate. 

The CVD coating has columnar grains. Depending on the temperature 
and time of holding, postcoating heat treatment is a necessary step for re- 
fining the microstructure. 

High hardness and chipping resistance of inserts are claimed to be 
achieved by refining the crystal structure of CVD coating. In addition, by 
achieving the homogeneous crystal structure, high-level welding resis- 
tance and peeling resistance are achieved (Ref 3.49). 

The advantage of this technique over pack metalizing is its ability to 
coat complicated parts, such as serpentine internal cooling passages of 
film-coated airfoils, because it is not a line-of-sight process. 

Chemical Vapor Deposition of Multilayer Coatings. A multilayer 
coating with an inner layer of columnar tungsten and an outer layer of 
noncolumnar tungsten carbide is deposited by CVD at a temperature 
below 500 °C (930 °F) on Ti-6A1-4V alloy (Ref 3.50). The top noncolum- 
nar, lamellar structure is a mixture of tungsten carbide (W,C) and tung- 
sten, approximately 12 um thick. The hardness of the top layer of W,C is 
2400 kg/mm?, which is higher than the published hardness values of tung- 
sten, WC, and W,C (Ref 3.51). 

Multilayer CVD tungsten carbide coating is used to resist erosive wear 
of high-pressure steam turbine blades by hard magnetite particles. The 
coating is also used in compressor blades in gas turbines to minimize ero- 
sion by ingestion of sand and dust (Ref 3.52, 3.53). 


Diamond or Diamond-Like Coating 


A large number of thermally assisted processes or combinations are 
used for low-pressure diamond deposition. Polycrystalline diamond is 
grown by a variety of techniques, including PVD and microwave plasma- 
assisted CVD techniques. 
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Types and Formation of Diamond Coatings. The cubic diamond 
structure has sp*-bonded carbon atoms. Diamond-like carbon is typically 
produced by processes in which high-energy precursive carbons (e.g., in 
plasma, filtered cathodic arc, sputter, and ion beam deposition processes) 
are rapidly cooled or quenched on relatively cold surfaces. These rapidly 
cooled structures normally consist of a random mixture of cubic (dia- 
mond) and hexagonal (graphite) lattices. 

There are seven types of diamond coatings. Pure DLC material is the 
hardest, strongest, and slickest (lowest coefficient of friction). It is known 
as tetrahedral amorphous carbon (ta-C). For example, a ta-C coating of 
only 2 um thickness increases the resistance of common (1.e., type 304) 
stainless steel against abrasive wear. The ta-C coating increases wear life 
span in such service to 85 years from that of one week in uncoated stain- 
less steel (Ref 3.54). Such ta-C is considered to be the pure form of DLC, 
because it consists only of sp?-bonded carbon atoms. The DLC coatings 
are made to be amorphous, flexible, and yet a purely sp°-bonded diamond. 
The other six types are approximations that are degraded by diluents, such 
as hydrogen, sp*-bonded carbon, and metals. Some of the production 
methods involve hydrogen or methane as a catalyst, and a considerable 
percentage of hydrogen remains in the finished DLC material. Fillers such 
as hydrogen, graphitic sp? carbon, and metals are used in the other six 
forms to reduce production expenses or to impart other desirable proper- 
ties (Ref 3.55, 3.56). 

The sp? bonds that occur in diamond crystals also form in amorphous 
solids where the atoms are in a random arrangement. In this case, there is 
bonding only between a few individual atoms and not in a long-range 
order extending over a large number of atoms. The bond types have con- 
siderable influence on the material properties of amorphous carbon films. 
If the sp? type is predominant, the film will be softer; if the sp? type is 
predominant, the film will be harder. Thus, the coatings are termed 
diamond-like carbon and graphite-like carbon depending on predomi- 
nance of sp? and sp?, respectively. 

Tribological Properties and Applications. The primary desirable 
qualities in DLC include hardness, wear resistance, and the friction 
coefficient. 

Due to very strong chemical bonding in diamond, the hardness, molar 
density, thermal conductivity, sound velocity, and elastic modulus are the 
highest of all known materials, while its compressibility is the lowest (Ref 
3.56). The friction coefficient of DLC film against polished steel ranges 
from 0.05 to 0.20. The lowest figure of 0.05 is as low as that of synthetic 
fluorine-containing resin and is the lowest among the materials of interest. 

Nanoindentation measurements have reported hardness as great as 50% 
more than values for natural crystalline diamond. The film hardness and 
sp? content are tailored for specific applications. Metal and hydrogen con- 
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taining DLC (Me-DLC or a-C:H:Me) exhibit hardness in the range of 500 
to 2000 HV with 35% sp; metal-free DLC (C-DLC or a-C:H) typically 
shows 1500 to 4000 HV and up to 75% sp’; the hardness of ta-C is 4000 
to 9000 HV with 80 to 85% sp? (Ref 3.57). 

Diamond-like carbon is extremely resistant to abrasive and adhesive 
wear, making it suitable for use in applications that experience extreme 
contact pressure, both in rolling and sliding contact. Diamond-like carbon 
is often used to prevent wear on razor blades and metal cutting tools, in- 
cluding lathe inserts and milling cutters. Diamond-like carbon is used in 
bearings, cams, cam followers, and shafts in the automobile industry. The 
coatings reduce wear during the break-in period, in which drive train com- 
ponents are starved for lubrication. 

Diamond does not react to normal acids even at elevated temperatures. 
Hot chromic acid or a mixture of sulfuric and nitric acids is used to re- 
move graphite from the surface of diamond. Molten hydroxides, the salt 
of oxyacids, and selected metals (iron, nickel, cobalt, etc.) have some cor- 
rosive effect on diamond. At temperatures above 870 K (1105 °F), dia- 
mond reacts with water vapor or CO, (Ref 3.56). 

Diamond reacts chemically with metals such as tungsten, titanium, tan- 
talum, and zirconium to produce carbides at high temperatures. Diamond 
dissolves in white iron, cobalt, nickel, manganese, and chromium at high 
temperatures. Due to the dissolution reaction of diamond with iron at tem- 
peratures above 680 °C (1255 °F), diamond tools are not suitable for ma- 
chining operations of steels. Due to high hardness and low coefficient of 
friction, diamonds are used as cutting tools for nonferrous materials such 
as aluminum and its alloys, copper and its alloys, and ceramic materials 
such as quartz, sapphire, Si,N,, SiC, and WC. 

Rapidly cooled amorphous DLC, without long-range order, has no brit- 
tle fracture planes; therefore, the coating is flexible and conformal to the 
underlying shape being coated while still being as hard as diamond. In 
fact, this property has been exploited for the study of atom-by-atom wear 
at the nanoscale in DLC (Ref 3.58). 

The DLC coatings have the following advantages (Ref 3.38): 


° Permit the use of fewer lubricants and additives (less pollution of the 
environment) 

e Improve load-bearing capacity 

° Extend the working life of a component 

e Allow the use of cheaper, lighter base material 


Wear of a diamond-coated carburized transmission component, for ex- 
ample, a low-speed planetary gear system sun wheel, under poor lubri- 
cating conditions is less than one-fourth that which occurs in a carburized 
component. Diamond-coated high-speed, highly loaded gears have shown 
fatigue limits of approximately 20% more than corresponding carburized 
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materials. Because the fatigue life of both the through-hardened and 
carburized gears after diamond coating is similar, considerable cost- 
savings are possible by the use of the through-hardened component (Ref 
3.38). 

In sliding contacts, the location of maximum shear stress approaches 
the surface when friction stress increases. For a friction coefficient of ap- 
proximately 0.3 and above, the peak stress is confined to the contact sur- 
face (Ref 3.59). Thin, hard coatings by CVD and PVD are effective in 
reducing wear in sliding contacts with high friction stress. 

Graphite-Like Carbon Coatings. Recently, a series of graphite-like 
carbon (GLC) films were developed using the unbalanced magnetron 
sputtering technique. These films demonstrate a superior tribological 
property under high load conditions (Ref 3.60). However, the tribological 
behaviors of thin films depend on the hardness and other properties of the 
substrates and various interlayers. 

The DLC coatings (i.e., hydrogenated a:CH) are reported to be effec- 
tive in reducing the friction coefficient. However, it is known that the fric- 
tion coefficient of such hydrogenated amorphous carbon is normally not 
as stable as the nonhydrogenated counterpart, GLC coating. This is be- 
cause the change of atmosphere and lubrication conditions affects hydro- 
gen in the hydrogenated amorphous carbon coating and thus its coefficient 
of friction. A major factor determining the quality of carbon-base coating 
systems is the adhesion between the coating and the substrate. 

Wang et al. (Ref 3.61) used an unbalanced magnetron sputtering system 
to evaluate tribological properties of four types of GLC films on different 
substrates (Ti-6Al-4V, WC-27CrNi) with different interlayers (TiC/Ti, 
TiC/Ti/TiN). The hardness of the GLC coating was in the range of 7.2 to 
11.7 GPa. Both the substrate and the interlayer were found to influence the 
tribological properties of GLC films, even though there was no significant 
structural difference between these films. Specifically, a substrate with 
high hardness achieves superior tribological behavior for carbon film even 
with a different interlayer. However, the interlayer had a distinct influence 
on the tribological properties of the carbon film deposited on various sub- 
strates, and this effect varied with the hardness of the substrate. For a soft 
substrate, the addition of a TiN interlayer improved wear life sevenfold 
compared to the film with only the TiC/Ti interlayer, but the wear rate for 
a film with and without a TiN interlayer was approximately the same. The 
obvious discrepancy between wear life and wear rate for a carbon film 
deposited on soft substrate was closely related to the film adhesion strength 
and plastic deformation of the substrate materials. Based on these results, 
it was concluded that wear life is a better parameter than wear rate in 
terms of the wear resistance of carbon film when applied load causes plas- 
tic deformation of the substrate. 

The properties and applications of selected PVD and CVD coatings are 
shown in Table 3.4. 
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Table 3.4 Properties and applications of selected physical and chemical vapor-deposition coatings 


Coating (process)(a) Hardness, HV Friction coefficient Service temperature, °C Application 
TiAIN (PVD) 2400 0.6 500 Reduce diffusion wear due to oxide 
formation 
TiZrN (PVD) 3000 ae 500 Reduce diffusion wear due to oxide 
formation 
CrC (PVD) 1750 0.2-0.5 Forming and machine tools 
CrN (PVD) 1800-2000 0.5-0.7 Scuffing and wear resistant; used in 
piston rings 
ZrCN (PVD) Withstand high load Coated gear performs well in dry/ 
mixed/boundary lubrication 
Diamond-like carbon (PVD) High hardness Low friction Stable at high temperature Lubricious carbon layer enables dry 
on TiAIN coating machining 
WC/C High hardness Low friction Antiscuffing High-pressure diesel engine fuel- 
injection plunger/carburized gear in 
poor lubrication 
Hard chromium (IB) 1200 Knoop Low friction 750 Knoop (Cr plating) Environmentally-friendly substitute 
for electroplated Cr 
CoCrAlY (EB-PVD/IBAD) High-temperature bond coat High-temperature, oxidation-resistant 
diffusion barrier coating for jet 
turbine 
Y,O,-stabilized ZrO, (dual Conductivity lower than plasma spray Thermal barrier coating in jet engines 
IBAD) 
Diamond-like carbon (CVD) 3000 0.05-0.15 Cutting and machining elements 
Graphite-like carbon on WC 0.04-0.07 Low wear rate Self-lubricating and extremely low 
(PVD) wear 
Diamond (CVD) 9000 0.05-0.01 Self-lubricating cutting tools 


Ag-Mo nano coating (PVD) 


Friction reducing Antiscuffing As lubricant in gas turbines at high 


temperature 


(a) PVD, physical vapor deposition; IB, ion beam; EB-PVD, electron beam physical vapor deposition; IBAD, ion-beam-assisted deposition; CVD, chemical vapor deposition 


The friction coefficient of coated GLC films on Si,N,, SiC, and WC 
substrates shows a relatively lower value of 0.04 to 0.07, whereas the un- 
coated ceramic substrates demonstrate a much higher value, in the range 
of 0.1 to 0.3, under both dry and water-lubricated conditions. In addition, 
the wear rate of Si,N,, SiC, and WC substrates is significantly reduced 
after the deposition of GLC films; interestingly, the GLC-coated WC ex- 
hibits a unique superlow wear rate (nearly nonwear properties) (Ref 3.61). 

This behavior is opposite that of DLC-coated WC (tungsten carbide) 
with high wear-resistant properties (Ref 3.38). 

At sizes below 10 nm, many diamond particle and film properties devi- 
ate substantially from that of bulk diamond, due not only to the contribu- 
tion of sp* bonding but also to the extreme low dimensions due to size 
effects. Despite these drawbacks, nanodiamond films and particles are 
powerful systems for a variety of applications. 


lon Implantation 


Ions are implanted at different doses by exposure of the substrate to the 
accelerated ions. The striking ions penetrate the surface of the material 
and form an ion-enriched layer. The depth of penetration is controlled by 
the atomic numbers and masses of both the ions and target atoms and the 
rate of energy transfer. The implantation of ions into target materials leads 
to the production of amorphous or metastable alloys. The mobile ions dur- 
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ing implantation form new alloy precipitates with target atoms. The pre- 
cipitation produces a high density of point defects that develop compressive 
stresses (Ref 3.62). The generation of compressive stress on the surface 
leads to fatigue life improvement of the component. 

Ion implantation is an atomic-level surface-modification process, where 
the structure of the near-surface region is altered to produce a new phase, 
while the part dimension remains the same. The ion-implantation process 
is carried out on metals, ceramics, and polymers to improve the wear and 
corrosion resistance of treated surfaces. 

The wear resistance of an austenitic stainless steel surface improves 
without impairing the corrosion-resistant properties by implantation of ni- 
trogen ions. The friction coefficient of AISI 304 stainless steel does not 
show any significant change due to ion implantation. The friction coeffi- 
cient varies from 0.1 to 0.2 in lubricated tests (Ref 3.62) and is between 
0.6 and 0.7 in dry tests (Ref 3.63) for both untreated and ion-implanted 
AISI 304. On the other hand, ion implantation of AISI 304 results in a 
decrease of wear rate by a factor of 20 or more (Ref 3.62). 

Advantages of the Process. The ion-implantation process is an atomic- 
level treatment on the near surface at low temperature (>150 °C, or 
300 °F) and thus can be done on a finished part. It results in high miscibili- 
ties of implanted elements, much more than equilibrium solubilities. For 
example, nitrogen-implanted steel contains 5 times more nitrogen than 
gas-nitrided case. Boron-implanted steel contains up to 50% B. It also 
develops compressive residual stress on the surface. 

Nitrogen-ion-implanted surfaces form a hard nitride at high doses and a 
nitrogen-diffused layer with low doses. Transmission electron microscopy 
observations of nitrogen-implanted surface layers show the presence of 
highly oriented mixed nitrides. 

Examples of ion implantation in metals and alloys include nitrogen ion 
in aluminum, nitrogen and boron in high-strength, low-alloy steel, and 
nitrogen and/or boron in stainless steel and tool steels. The nitrogen-ion- 
implanted surface of aluminum forms a hard nitride at high doses and a 
nitrogen-diffused layer with low doses. The nitrided surface in steel can 
contain up to 50 at.% N, which is nearly 5 times the nitrogen obtained in 
ion nitriding, producing an equivalent hardness of 85 HRC. The multiele- 
ment process, such as implantation of both nitrogen and boron, improves 
surface hardness and lubricity and thus wear resistance (Ref 3.63, 3.64). 
The hardness of an implanted (boron and nitrogen) surface of high-speed 
steel (M-series) is in the range of 3000 to 4000 VPN. With a fraction of 
the costs required for diamond or diamond-like coatings, ion implantation 
results in a coating surface with wear resistance similar to that of DLC. 
Chromium, nickel, and other metals are implanted to produce a corrosion- 
resistant surface in steel. Ion implantation of titanium or yttrium on alu- 
mina improves wear resistance due to abrasion at the onset of amorphization 
and due to friction after amorphization. 
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Diffusion 


Some important thermally assisted processes, such as carburizing, ni- 
triding, aluminizing, and chromizing, are based on high-temperature 
diffusion of elements in the surface layer. The diffusion of interstitials 
(carbon, nitrogen, and boron) makes the surface hard and, due to substitu- 
tional (chromium, aluminum) elements, results in the formation of a cor- 
rosion- and oxidation-resistant surface. The diffusion of multielements 
such as chromium and carbon results in hard carbide formation in a 
corrosion-resistant surface. Diffusion of aluminum in a nickel-base alloy 
leads to the formation of gamma prime phase (nickel aluminide) and the 
consequent improvement in creep properties. Nickel aluminide also acts 
as a barrier to further diffusion. High-temperature CVD processes nor- 
mally involve diffusion. 

Interstitial Diffusion Processes. The group of components that may 
fail by subsurface fatigue due to excessively high cyclic Hertzian stresses 
at a depth below the surface includes ball bearings, gears, and other ma- 
chine elements with nonconforming contact surfaces. Therefore, applying 
a thin coating (PVD or CVD) is seldom effective in reducing this problem. 
Thicker diffused and hardened surface layers or coatings are required to 
reduce the wear of components with macroscopic or high contact stress. 

The interstitial diffused and hardened layer at the surface is normally 
known as the case, and the interior bulk is known as the core. The diffu- 
sion process leads to gradual change in the concentration of the interstitial 
layer across the case depth. The strong and tough core of the component, 
with a thin layer at the surface, transforms to a hard, wear-resistant case 
that can withstand wear due to high cyclic contact load in components 
such as gears, ball bearings, and spindles. 

The various interstitial diffusion-hardening processes, the properties of 
hardened cases, and their applications are given in Table 3.5. 

Carburizing. By exposure to carbon-rich atmospheres at a temperature 
of 815 to 930 °C (1500 to 1705 °F) in the austenitic range, diffusion of 


Table 3.5 Interstitial diffusion surface-modification processes 


Thickness 


Diffusional process Element(s) mm in. Hardness, HV Application areas 
Carburizing G 0.25-4.0 0.01-0.16 700-900 Gears, sprockets, shafts 
Nitriding N 0.05-0.75 0.002-0.029 800-1050 Gears, valve stems, die 


blocks, plastic 
extrusion dies, and 
mandrels 
Carbonitriding C+N 0.05-0.75 0.002-0.029 600-850 Sprockets and chain 
components (e.g., pins 
and bushings) 
Nitrocarburizing N+C 0.02-0.8 0.0008-0.031 348-1330 HSS (Co), medium-alloy 
steel and cast iron 
components(a) 
Boriding B 0.0127-0.0508 0.0005-0.002 2000-2100 HK,,, Mandrels, dies, etc. 


(a) HSS, high-strength steel. Source: Ref 3.5 
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carbon occurs at a depth depending on the treatment time. The process is 
carried out by packing parts in a solid carburizing mixture to make thick 
coatings (0.65 to 3.80 mm, or 0.025 to 0.150 in.) or by gas carburizing for 
thin layers (0.125 to 0.760 mm, or 0.005 to 0.030 in), or at a lower tem- 
perature of 815 °C (1500 °F) in a liquid carburizing bath followed by 
quenching to form high-carbon martensite in a diffused case of high hard- 
ness (60 to 62 HRC). A subsequent tempering process makes the hard 
surface tougher. 

Plasma Carburizing. Plasma or glow-discharge carburizing has a 
shorter cycle time, closer control of surface carbon, and no part-size limi- 
tation. The high-temperature plasma beam requires less time to develop 
the same case depth. High-pressure gas quenching or dry quenching of 
carburized components using inert gas as the quenchant has gained popu- 
larity in recent years due to ecological and economic advantages over 
liquid quenching media. Emission of nonpolluting gas, clean component 
and equipment surfaces, and reduced distortion of parts are some of the 
advantages cited in favor of high-pressure quenching. Carburizing of 
high-carbon-concentration and hard-to-carburize materials, such as stain- 
less steel, sintered metals, and so on, can easily be made by the plasma 
process. 

The plasma process has also been used successfully for partial or selec- 
tive case hardening. For example, only the teeth of steering system pinion 
gears are plasma carburized, leaving the gear tips and roots unhardened by 
masking with caps. The internal blind hole of a fuel-injection nozzle is 
uniformly carburized, leaving the outer surface masked by a sleeve during 
plasma carburizing. 

In addition to forming a wear-resistant hard case, the high compressive 
residual stress on the surface improves the fatigue resistance of the case- 
hardened components. 

Applications. Gear teeth are normally hardened by case carburizing. In 
carburized gearings, high surface hardness, high case strength, favorable 
compressive residual stress in the hardened case, and suitable core proper- 
ties based on selection of the appropriate carburizing grade of steel result 
in the highest gear tooth ratings for contact stress (seizing resistance), pit- 
ting resistance (adhesive wear resistance), fatigue resistance (compressive 
residual stress), and root strength (bending). Carburized gear ratings are 
higher than through-hardened and other types of surface-hardened gearing 
because of higher fatigue strength. Improved load distribution is obtained 
by subsequent hard gear finishing. Carburized gearing is used in enclosed 
gear units for general industrial use, high-speed and aerospace precision 
gear units, and also large, open gearing for mill applications. 

Nitriding. In this process of case hardening, the nitriding steel (con- 
tains chromium) component is heated to 500 to 540 °C (930 to 1000 °F) 
in a nitrogen-containing atmosphere, where nitrogen diffuses into the steel 
surface to form hard nitride phases of iron and chromium. The conven- 
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tional gas-nitriding process uses cracked ammonia as the source for gen- 
erating nitrogen. 

In the plasma process, the glow-discharge region of the nitrogen-ion- 
containing plasma is used for nitriding. 

The nitriding process operates at lower temperatures than carburizing 
and produces an extremely hard, thin, wear-resistant coating. In plasma 
nitriding, the microhardness is maximum (1400 HV) up to 60 um, beyond 
which there is a sharp decrease to the microhardness value of the base 
alloy at 80 to 90 um. The presence of nitride-forming elements, such as 
chromium, aluminum, molybdenum, tungsten, vanadium, titanium, and so 
on, leads to an increase in the hardness of the diffused layer. Because of 
the low temperature and elimination of the quenching treatment, nitrided 
components are less prone to distortion than carburized materials. 

Solar Heating in Gas Nitriding. Gas nitriding of Ti-6A1-4V with heat- 
ing by a concentrated solar beam in a chamber containing controlled nitro- 
gen atmosphere shows significant hardening at 1050 °C (1920 °F) for a 
short duration of only 5 min. 

A microhardness of 2500 HK is obtained for a standard case depth after 
treatment at 1200 °C (2190 °F) for 15 min. The coefficient of friction is 0.2 
for 1200 °C/5 min treatment compared to 0.5 of as-received material. The 
wear rate decreased 1.890 um track width from 180 um in the original (Ref 
3.65). This is an interesting application using clean energy to achieve high 
performance with respect to both wear and friction resistance. 

Applications. The nitrided components possess excellent adhesive wear 
resistance, particularly to galling and scuffing, and have proved very suc- 
cessful in prolonging the life of dies and tools (punches, progression and 
press tools, dies and forms, slitting knives, plastic processing molds, and 
machine parts), automotive components (shift forks, rocker arms, tappets, 
cam shafts, discs and housing of rotary piston engines, cylinder liners, 
piston rings, crank shafts, gears, pinions, pinion shafts, etc.), forging dies, 
pressure bar pins and molds, drive gears of rolling mills, cranes, and tur- 
bine transmissions. 

Some of the successful case studies on newer applications of plasma 
nitriding include (Ref 3.66): 


° Briquetting tires used in smokeless fuel production by forming egg- 
shaped anthracite pellets from a mixture of coal fines, pitch, and coke 
breeze. Nitriding of the forming surfaces of cast, hardened, and tem- 
pered tires in the finished-machined condition led to an increase in 
working life by 33%. 

° Pump scrolls used in pumping fuel oil. Due to fast-moving small par- 
ticles of sand in the fuel oil, the component was subjected to abrasive 
wear. Plasma-nitrided surfaces of 500 to 550 HV led to an increase in 
life by 30%. 
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Nitriding versus Carburizing. Approximately 80% of all tribology 
problems within the machine-building industry are attributed to sliding 
and rolling elements, one-fourth of which are due to wear. In most of these 
applications, case-hardened materials are preferred due to their high fa- 
tigue resistance. 

Most gear spindles are either carburized or nitrided for reduced distor- 
tion (Ref 3.67). 

Nitriding provides a hard case of 54 to 64 HRC and a case depth of 
0.38 to 0.76 mm (0.015 to 0.030 in.) with very low distortion. The pro- 
cess is good for fine-pitch gearing in bar, rod, and cold mills. Roughening 
mill and hot strip mill spindles with coarse-pitch teeth require deeper 
cases. Here, a spindle with carburized gearing of 1.5 to 6.4 mm (0.060 to 
0.250 in.) case depth and 55 to 62 HRC is used. 

Paraequilibrium Diffusion and Interstitial Hardening. Diffusion of 
interstitials, such as carbon and nitrogen, occurs at approximately 350 °C 
(660 °F) (Ref 3.68). At such a low temperature, the diffusion of substi- 
tutional elements, such as chromium and nickel, is negligible. Low- 
temperature (300 to 400 °C, or 570 to 750 °F) carburizing or nitriding 
treatment of austenitic stainless steel leads to interstitial diffusion to a 
depth of 20 to 30 um after 64 h of treatment. Slow diffusion rates at low 
temperature limits the depth of penetration. The plasma process is used for 
carburizing and nitriding at low temperature. 

Substitutional elements, such as chromium in austenitic stainless steel, 
remain immobile during the treatment. This prevents depletion of chro- 
mium from the grain-boundary areas and consequent weld decay. 

Surface modification of AISI 316L using interstitial hardening by car- 
bon shows marked improvement in hardness, wear, and fatigue resistance 
with little change in inherent good ductility of austenitic stainless steel 
(Ref 3.69). Surface carbon concentration up to ~14 at.% and compressive 
residual stresses greater than 2 GPa are achieved. Interstitial hardening 
with carbon improves pitting- and crevice-corrosion resistance of austen- 
itic stainless steel in 0.6 M NaCl solution (Ref 3.70). 

An AISI 316L steel was plasma nitrided at 370, 395, and 420 °C (700, 
740, and 790 °F) for 64 h. The properties of plasma-nitrided and untreated 
materials are shown in Table 3.6. 


Table 3.6 Low-temperature, plasma-nitrided, interstitial-hardened 
316L stainless steel 


Nitriding Surface hardness(a), Case depth, Lattice 
temperature, °C HV Nitrogen(b), at.% pm expansion 
Untreated 170 site sila dd 
420 1240 22 17 9.2 
395 1100 23 12 8.1 
370 820 18 6 7.7 


(a) 50 g load. (b) Surface analysis by Auger electron spectroscopy. Source: Ref 3.69 
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Surface hardness at 22 at.% N increases close to that of the normal ni- 
triding surface (1400 VPN). The surface of austenitic 316L becomes fer- 
romagnetic due to lattice parameter expansion above a critical value (~15 
at.%), caused by nitriding. The wear and fatigue resistance improves with 
high hardness and compressive residual stress at the nitrided surface. The 
pitting-corrosion resistance in 0.6 M NaCl shows dramatic improvement 
in specimens treated at 370 and 395 °C (700 and 740 °F), accompanied by 
enhancement in passivity. However, at the higher treatment temperature 
of 420 °C (790 °F), the passivity is attenuated. 

The carbonitriding process consists of simultaneous diffusion of car- 
bon plus nitrogen. In comparison to carburizing, a lower process tempera- 
ture of 815 °C (1500 °F) is used to produce a thicker case (0.5 to 0.75 mm, 
or 0.02 to 0.03 in.) than that of the nitrided component. The process is 
widely used to produce case depth in between that obtainable by nitriding 
and carburizing (Ref 3.5, 3.14). 

The nitrocarburizing process is carried out at a temperature of 560 to 
570 °C (1040 to 1060 °F) with more nitrogen and less carbon (Ref 3.5, 
3.14). The case depth is less than in carbonitriding but more than in 
nitriding. 

Boronizing. The diffusion of interstitial boron into the surface leads to 
the formation of hard borides in iron, nickel, and cobalt alloys. Apart from 
the glow-discharge-deposition process (Ref 3.14) used for plasma borid- 
ing, the other main technique is electrodeposition of boron from fused 
salt. 

Recently developed ultrafast boriding uses a simple electrochemical 
cell operating at high current density (50 to 700 mA/cm?) and low voltage 
(1 to 15 V). The main ingredients of the molten electrolyte for the cell are 
borax (70 to 90 wt% Na,B,O,) and sodium carbonate (10 to 30 wt% 
Na,CO,). Instead of 8 to12 h in pack boronizing, the same coating thick- 
ness is obtained in 15 min in the ultrafast process at temperatures above 
750 °C (1380 °F) (Ref 3.71). 

The diffusion of boron leads to the formation of a boron-enriched layer 
on the surface. The boronized surface layer contains precipitates of chro- 
mium boride and nickel boride. The processing time required for plasma 
is less than the conventional process to form a boride layer of the same 
thickness. A microhardness of 2000 HV is obtained on the plasma-borided 
surface. In addition, small amounts (0.1 to 5 wt%) of alkaline and/or 
alkaline-earth halides (CaCl,, NaCl, KCI, etc.) may also be used in place 
of or in addition to sodium carbonate to accelerate the boriding process 
(Ref 3.71). 

Ferrous Alloys. Diffusion of boron in the substrate leads to the forma- 
tion of two types of iron borides: FeB and Fe,B. The boride coating mi- 
crohardness is 2000 to 2100 Knoop/100 g (Ref 3.72), or approximately 
92.6 RA, which is equivalent to the hardness of the hardest tungsten car- 
bide (W,C). The extremely high hardness at the surface results in excellent 
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resistance to galling and adhesive wear. Borided surfaces resist corrosion 
due to hydrochloric, hydrofluoric, and sulfuric acids. Borided mandrels, 
shaping dies, and deep-drawing dies show improved wear life compared 
to hard-chromium-plated and hardened tools. 

Nickel Alloys. Borided surfaces in nickel alloys are extremely hard and 
comparable to that of tungsten carbide. The surface hardness of creep- 
resistant Inconel 718 increases from 425 Knoop in the uncoated condition 
to 1450 Knoop at the borided surface. High surface hardness resists wear 
due to galling and abrasion. Most of this high hardness is retained at ele- 
vated temperature. The thrust-vectoring, nozzle-bearing components of a 
gas turbine engine are borided to minimize wear, galling, and corrosion of 
the nickel-base superalloys (Ref 3.72). 

Metal-Bonded Carbides. Cobalt and nickel are used as binders for sin- 
tered carbides, such as tungsten and titanium carbides. The soft binder 
areas on the surface are hardened by boriding to make the total working 
surface similar to the hardness of tungsten carbide. The binder below the 
diffusion zone retains the softness and thus the toughness of the bulk ma- 
terial. The hard borided surface resists erosion by fine particles at a 90° 
impingement angle at least 5 to 10 times more than corresponding car- 
bides in applications such as paint spray nozzles or jet engine fuel pump 
cam blocks (Ref 3.72). 

Cobalt-base and other refractory materials are similarly borided to im- 
prove the wear-resistant properties of the surface. Molybdenum forms a 
boride of ~3000 Knoop hardness. 

Thermoreactive diffusion (TD) is a high-temperature coating process 
where strong carbide- and nitride-forming elements (chromium, vana- 
dium, aluminum) are thermochemically deposited on a substrate contain- 
ing interstitial elements (carbon, nitrogen, boron) (Ref 3.73, 3.74). The 
metal reacts with the outwardly diffused interstitials from the surface in 
the temperature range of 800 to 1050 °C (1470 to 1920 °F), producing 
metal carbides/nitrides/borides (typically vanadium carbide) on the sur- 
face. The pretreatment of the surface by carburizing or nitriding leads to 
faster growth of a diffused carbide or nitride coating and also to greater 
thickness. 

In the Toyota diffusion process, a vanadium carbide layer is formed at 
a temperature of 800 to 1050 °C (1470 to 1920 °F) by outward diffusion 
of carbon from the steel substrate, with a thermochemically deposited 
layer of vanadium. 

TD, CVD, and PVD Processes. The TD coatings exhibit a diffusion- 
type bond, thereby providing superb adhesion between the metal carbide 
layer and the substrate. This bonding characteristic, combined with the 
high microhardness of the coating, provides excellent resistance to the 
types of wear and galling often seen in many metal-forming processes. 

Normal diffusional processes such as carburizing allow CVD-deposited 
interstitials on the surface to diffuse in the substrate to form a high- 
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hardness case. In TD, outward diffusion of an interstitial (carbon) from 
the substrate leads to formation of a strong carbide coating by reaction 
with the deposited substitutional element (vanadium) on the surface. The 
PVD coating exhibits a physical bond to the substrate. 

The average thickness is 2 to 5 um in PVD, 6 to 10 um in CVD, and 5 
to 15 um in TD. In PVD, a vacuum chamber is required; CVD needs a 
vacuum or controlled atmosphere, while TD can be carried out in a sim- 
ple salt bath. Vanadium carbide has a cubic lattice with very high hard- 
ness (3200 to 3800 HV) and excellent abrasion and adhesion resistance 
(Ref 3.74, 3.75). 

The average relative microhardness of PVD, CVD, and TD coatings is 
well over 80 HRC. The extremely high hardness of these coatings in com- 
parison to 58 to 62 HRC of tool steel, 62 to 65 HRC of high-strength steel, 
or 70 to 76 HRC of cemented carbide contributes significantly to the im- 
proved wear resistance of conventional hard materials as well as other 
softer substrates. 


Wear Properties of Diffused Hardened Surfaces 


Abrasive Wear. The abrasive wear-resistance properties of carburized, 
carbonitrided, nitrided, and boronized coatings on steel substrate are listed 
in Table 3.7 (Ref 3.14, 3.76). Also included are the wear properties of TD 
TiC and VC coatings. The rubber wheel abrasion wear tests were con- 
ducted in accordance with stipulations in ASTM G65, procedure A. The 
ranking of diffusion-treated surfaces based on abrasion test results (wear 
factor values) in the order of decreasing wear resistance are: 


VC > TiC > Boronized —> Nitrided — Carbonitrided  Carburized 


The vanadium carbide (VC) and titanium carbide (TiC) coatings with 
high hardness in the range of 2500 to 3000 HV show the lowest wear rates 
(0.11 to 0.12 cm3), followed by the boronized surface (0.3 to 0.4 cm?) at a 
hardness level of 1500 HV. Both carburized and carbonitrided surfaces 
have the same hardness (700 HV) and thus the same wear factor of 0.429, 
but with a slightly higher hardness of 800 HV, the wear factor of the ni- 
trided surface is 0.847. 


Table 3.7 Abrasive wear resistance of diffused coatings 


Abrasive wear 


Base material Diffusion coating Hardness, HV Wear factor, cm™ resistance ranking 
4620 steel Carburizing 700 0.429 1.0 
Nitriding steel Nitriding 800 0.847 1.98 

AISI 4620 Carbonitriding 700 0.429 1.0 

AISI 4620 Boronizing 1500 2.857 6.66 

AISI 440C (stainless steel) TiC 3000 8.333 19.42 


D2 steel VC 2500 9.09 21.2 


Source: Ref 3.14 
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For components such as gears and spindles subjected to rolling contact 
or sliding contact with very low friction, the maximum shear stress occurs 
at a depth roughly equal to half of the Hertzian contact radius; carburized 
and nitrided surfaces with higher thickness are ideally suited for these 
applications. 

Adhesive wear of both self-mated and carburized AISI 4620 rings 
was evaluated by following stipulations in the ASTM G77 procedure 
(Ref 3.76). In addition to interstitial-diffused coatings, the tests were also 
conducted on chrome-plated, electroless nickel-plated, and diffused VC- 
and TiC-coated samples (Fig. 3.10). Increasing adhesive wear of the self- 
mated ring is ranked as: 


VC > TiC —> Boronized steel > Chromium plating > 
Ferritic nitrocarburized —> Carbonitriding —> Carburized > 
Electroless nickel — Nitrided steel — Nitrided 17-4 stainless steel 


The adhesive wear ranking versus AISI 4620 ring is: 


Chromium plating = VC — Nitrocarburizing —> Boronizing (B1) > 
Boronizing (B2) > Carburizing — Nitrided 17-4 stainless steel > TiC > 
Electroless nickel — Nitrided —> Carbonitrided 


Carburized self-mated 
Carburized vs. 4620 ring 
Nitrided self-mated 
Nitrided vs. 4620 ring 
HEZ 
Z 
| ZA 
LZ) 


Boronized steel (B1) self-mated 
Boronized steel (B1) vs. 4620 ring 
Boronized steel (B2) self-mated 
Boronized steel (B2) vs. 4620 ring 


Nitrided 17-4 SS self-mated OOII 
Nitrided 17-4 SS vs. 4620 ring (LLL 
Electroless Nickel self-mated b 
Electroless Nickel vs. 4620 ring 
TiC/440C self-mated H 
TiC/440C vs. 4620 ring 
VC-D2 steel self-mated 
VC-D2 steel vs. 4620 ring [ZZ 
Nitrocarburizing self-mated 
Nitrocarburizing vs. 4620 ring [ZZ 
Z 


Carbonitriding self-mated 
Carbonitriding vs. 4620 ring 


Chrome plating self-mated LZ 
Chrome plating vs. 4620 ring j L m- L 
1:5 1 0.5 0 2 4 6 8 
Block wear (mm?) Change in 10-point height (umm) 


Fig 3.10 Adhesion wear of diffused hardened surfaces vs. AISI 4620 ring. 
Source: Ref 3.76 
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In both abrasive and adhesive wear ranking, the TD coating of VC is 
found to offer the best wear-resistance properties in comparison to other 
diffusion-hardened surfaces. 

Friction Coefficients of Diffused Coating (Ref 3.76). Ranking of 
dynamic friction coefficients of self-mated surfaces (Fig. 3.11) is: 


TiC (0.3) — Boronized (B2, 0.4) — VC (0.5) — Carbonitride (0.62) > 
Chrome plating (0.68) — Nitriding (0.67) — Nitrocarburizing (0.72) > 
Nitriding 17-4 stainless steel (0.75) — Electroless nickel (0.75) > 
Carburized (0.82) 


Ranking of dynamic coefficient of friction of a modified surface versus 
AISI 4620 steel ring (Fig. 3.11) is: 


TiC (0.55) — Nitrocarburizing (0.65) = Carbonitriding (0.65) > 
Chrome plating (0.67) — Nitrided (0.75) = VC (0.75) > 
Boronized (B1, 0.72) — Nitrided 17-4 stainless steel (0.75) > 
Electroless nickel (0.825) — Carburized (0.85) 


The TiC coating has the lowest coefficient of friction both in self-mating 
as well as in coupling with AISI 4620 ring. 


Carburized self-mated = 
Carburized vs. 4620 ring 
Nitrided self-mated 
Nitrided vs. 4620 ring 
Boronized steel (B1) self-mated = 
Boronized steel (B1) vs. 4620 ring 
Boronized steel (B2) self-mated =" 
Boronized steel (B2) vs. 4620 ring 
Nitrided 17-4 SS self-mated = 
Nitrided 17-4 SS vs. 4620 ring 
Electroless Nickel self-mated = 
Electroless Nickel vs. 4620 ring 
TiC/440C sel-nated- aT 
TiC/440C vs. 4620 ring M 
VC-D2 steel self-matel =" S 
VC-D2 steel vs. 4620 ring 
Nitrocarburizing self-mated = 
Nitrocarburizing vs. 4620 ring 
Carbonitriding self-mated ME 
Carbonitriding vs. 4620 ring 
Chrome plating self-mated = 
Chrome plating vs. 4620 ring 
Testpairs 0 0.2 0.4 0.6 0.8 1.0 


Friction coefficient 


Fig. 3.11 Kinetic friction coefficient of test coupons in steady state in ASTM 
G77 test. Source: Ref 3.76 
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Diffusion Coating of Substitutional Elements 


The methods used are: 


e Slurry fusion 
e Pack cementation 
e Chemical vapor diffusion 


The most widely used process today (2014) is cementation. How- 
ever, CVD has been accepted for a number of applications due to certain 
advantages. 

Diffusion of Aluminum. The nickel and cobalt aluminide coatings are 
extensively used, satisfying 80 to 90% of the current world market, for 
protecting turbine blades under aerospace, marine, and industrial turbine 
service (Ref 3.77). In the case of the most widely used nickel-base alloys 
for turbines, a high-activity coating of Ni,Al, forms as a surface layer. The 
brittle coating requires further heat treatment for conversion to NiAl. 

The microstructure of aluminizing coatings consists of an upper 
aluminum-rich single phase approximately 35 um (1.38 mils) thick, fol- 
lowed by a mixed-microstructural zone approximately 50 um (1.97 mils) 
thick. The diffused aluminum coating provides corrosion resistance with 
respect to sulfidation (H,S, SO, attack), oxidation (stable aluminum oxide 
film formation), carburizing (prevents carbon diffusion), and hydrogen 
penetration (diffusion rate of H, in steel is reduced). 

The aluminide surface resists high-temperature oxidation and hot cor- 
rosion. Hot corrosion results mainly from sodium and sulfur in the fuel 
and gas stream at high temperatures. The protective aluminide coating has 
performed satisfactorily in many applications, including aerospace, ma- 
rine, and utility turbines, where corrosion protection relies on the ability 
to form a protective alumina scale with a reserve of aluminum should the 
coating become damaged (Ref 3.5). The coating replaces chromized diffu- 
sion coatings for applications above 1000 °C (1830 °F). However, under 
severe hot corrosion situations or at temperatures above 1100 °C (2010 °F), 
aluminide coatings offer limited protection. 

Diffusion of Chromium. A thin coating produced by pack diffusion 
(0.038 to 0.051 mm, or 1.5 to 2.0 mils) is more desirable from a mechanical- 
property standpoint, because high-chromium compositions are less ductile 
and prone to cracking (Ref 3.5). 

Most of the coatings developed for protection against hot corrosion and 
oxidation depend on alumina scales, which are generally proven ineffec- 
tive in combating low-temperature corrosion. In turbines, apart from hot 
corrosion and high-temperature oxidation, another degradation process is 
low-temperature corrosion. The chromide diffusion coating can rapidly 
form an adherent chromium oxide (Cr,O,) scale, which is proven effective 
in resisting low-temperature corrosion in turbines. 
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The chromized coating on high-carbon tool and die steels improves the 
surface hardness to 75 HRC. The coating is carried out on wire drawing 
dies, taps, roller chain links, cams, pump gears, cold forming tools, and 
so on to improve the wear life 10 to 15 times compared to uncoated 
components. 

Multilayer diffusion coatings are used in the following applications. 

Cyclone Separator. A low-carbon steel component used in a cyclone 
separator is subjected to heavy erosive wear by dust particles in the flue 
gas. The component is carburized to a carbon content of 1%, followed by 
chromizing to form a high-chromium, high-carbon surface. The hard 
chromium carbide on the surface provides excellent resistance to erosion 
by hard abrasives, while the high-chromium matrix resists corrosive at- 
tack from high-temperature flue gas (Ref 3.78). 

Stationary Gas Turbine Vanes and Blades. The vanes and blades of a 
stationary gas turbine in a power plant are subjected to erosive attack of 
ash particles and sulfidation by flue gas at 700 to 800 °C (1290 to 1470 °F). 
The superalloys, such as Udimet 500 (Nimonic-type alloys) possess ex- 
cellent creep resistance at the operating temperature. A diffusion coating 
of chromium reduces the erosive attack by particles in the flue gas due to 
improved surface hardness (600 to 700 DPN). High chromium resists cor- 
rosive sulfur attack from flue gas. The diffusion treatment improves ser- 
vice life from 4400 to 25,000 h, thus reducing substantial maintenance 
and running costs (Ref 3.26). 

Another example of duplex or multicomponent coating is the use of 
platinum aluminide overlay in gas turbine components. The platinum alu- 
minide coatings give satisfactory performance to 40,000 h and beyond 
against hot corrosion for land-based turbines (Ref 3.26). A successful 
technique for platinum aluminide duplex coating is to electroplate plati- 
num on the substrate before aluminizing. A multicomponent compound, 
that is, platinum aluminide, on the surface provides protection against hot 
corrosion. 


Thick-Film Overlays 


Although somewhat arbitrary, a coating thickness of approximately 
500 um (0.02 in., or 20 mils) and above is considered to be a thick-film 
overlay. Two main techniques for producing thick films of wear-resistant 
material are thermal spraying and fusion welding. The basic requirement 
in both techniques is a suitable energy source. 


Thermal Spraying 


In thermal spraying, the coating materials are sprayed through an oxy- 
fuel combustion flame or plasma flame or high-velocity jets onto the re- 
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quired surface. The impacting sprayed materials in a molten or semimolten 
stage in arc or flame or plasma form an adhesive bond with the substrate 
surface. In high-velocity or cold processes, the high kinetic energy of 
high-velocity particles assists in forming a strong bond with the substrate 
(Fig. 3.12). Thermal spray processes derive their names from the heat 
source or atmosphere or velocity (Fig. 3.12). 

The particle velocity (v) is approximately the same as the flame veloc- 
ity. The kinetic energy of the striking particles is proportional to v*. High- 
velocity jets in the supersonic range are used in advanced processes such 
as plasma, high-velocity oxyfuel, high-velocity impact forging, and cold 
spray to produce low-porosity, dense deposits with good adhesive bond- 
ing with the substrate. Higher striking velocity also produces compressive 
residual stress in the surface layer. The high compressive stress improves 
fatigue resistance and also allows higher coating thickness. 

In the newly developed electromagnetic spraying process, adhesion to 
the substrate is reported as fusion bonding (Ref 3.79). The use of ex- 
tremely high velocities leads to forging of the sprayed particles onto the 
substrate surface without any external heat. These high-velocity sprayings 
are known as cold spray processes. Recent figures on velocities in differ- 
ent processes include (Ref 3.80): 


Thermal spraying 


Basis for 
| classification 
| | | | a 
Oxyfuel combustion Electric arc Plasma Laser Heat source 
a es | | | 
Wire Rod Powder Wire Powder Powder Consumable 
Air Air Controlled Air Air Controlled Atmosphere 
Powder 
Low- High High (V> Vuna) Velocity 
medium | I I 
—_ Detonation Internal Plasma Cold spray 
(D-Gun) combustion 
Acetylene 
propane — Oxygen (HVOF) EPD 
— Air (HVAF) 
— HVIF 


(HVOF =high velocity oxyfuel; HVAF =high velocity air fuel; HVIF =high velocity impact forging; 
EPD =electro-magnetic process of deposition) 


Fig. 3.12 Thermal spray processes. HVOF, high-velocity oxyfuel; HVAF, 
high-velocity air fuel; HVIF, high-velocity impact forging; EPD, 
electromagnetic powder deposition. Source: Ref 3.5 
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Processes Speed, m/s 

High-velocity oxyfuel/high-velocity impact forging 1370-2200 
Cold gas spray method Up to 3000 
Electromagnetic powder deposition 2000-3000 


Flame Spray Processes (Normal- to Moderate-Velocity Torches). 
Oxyacetylene torches with lower thermal capacity are used for spraying 
self-fluxing, low-fusion-temperature nickel-base alloys, bronzes, zinc, 
and aluminum. Higher-capacity oxyspray torches are used for spraying on 
large surface areas, such as drying rolls for paper and for ceramic materi- 
als on rolls in textile mills. 

Electric Arc Spray Processes. In arc spraying, an arc is struck between 
the ends of the consumable wires, and the resulting molten metal is car- 
ried by high-pressure jet onto the surface to be coated. The use of com- 
pressed air jet for atomization results in the formation of oxides and 
porosities in the deposit. Also, high burn-off rates of oxidizable elements 
may lead to deposits with compositions different from that of the original 
wire. For example, burn-off rates of carbon, silicon, manganese, and chro- 
mium in arc-sprayed steel can be as high as 50%. The use of inert gas can 
cause a slight reduction in burnoff and oxidation. The turbulence of the 
atomizing gas leads to mixing with the surrounding atmosphere. 

For special coating compositions, an arc is struck between two wires of 
different metals or alloys and sprayed onto the substrate. The process is 
used only for electrically conductive materials. Hence, composites con- 
taining tungsten carbide are sprayed only when used in the form of 
carbide-cored tubular metallic wire. The use of cored wire, in general, has 
resulted in vast improvement in the quality of arc-sprayed deposits. 

The process is used for stainless steel (AISI 410) coating on a machine- 
glazed cylinder for pitting resistance and for zinc and aluminum on steel 
structures for corrosion resistance. 

Plasma Spray Processes. When an arc is established between two 
electrodes, some of the intervening gas molecules become ionized. The 
ionized column of gas between the electrodes is known as plasma. The 
wear-resistant material in the powder form is fed to a hot plasma stream 
issuing from the torch nozzle. Powder in the high-temperature plasma 
stream traveling at supersonic speed is sprayed onto the prepared surface 
of the workpiece. The gas for producing the plasma must both sustain the 
arc and transport the powder feed. Argon and a mixture of argon + hydro- 
gen are normally used for plasma spraying. The plasma process can be 
used for superior bonding and denser deposits than obtained by flame or 
arc spraying. Plasma spray systems are used extensively by aerospace in- 
dustries for coating various engine components with advanced metallic 
(NiCrAlY or CoCrAlY), ceramic (Y,O,-stabilized ZrO,), and composite 
(WC-Co) materials. 
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High-Velocity Oxyfuel (HVOF) Processes. High-velocity jets, using 
a superior combustion design similar to that of rocket engine technology, 
are used for thermal spraying in the HVOF process. Combustion is carried 
out at a chamber pressure of approximately 150 psig. The powder coating 
material is introduced inside the combustion chamber. The molten or 
semimolten powder particles in the hot jet stream have velocities in the 
range of 1380 to 2200 m/s (4520 to 7200 ft/s). The gas jet temperature is 
in the range of 1650 to 2760 °C (3000 to 5000 °F), depending on the type 
of fuel gas used. The high-pressure, high-energy technology permits con- 
tinuous application of a coating with properties superior to that of other 
similar processes, such as the detonation gun (D-Gun) and plasma. 

Benefits of Higher Jet Velocity. The coating thickness of normal oxy- 
fuel spraying is limited to 1.27 mm (0.05 in.) due to development of ten- 
sile residual stresses with higher thickness of hard coatings. Increased 
velocity produces compressive residual stress, and thus, it is possible to 
increase coating thickness to 3.2 mm (0.125) for hard coating. Also, the 
high deposition rates enable a thicker coating in a shorter time. 

The high-velocity jet results in shorter in-flight exposure to the atmo- 
sphere, reduced mixing of air with the jet, lower ultimate particle tem- 
peratures compared to plasma, and higher kinetic energy [ox mass x 
(velocity)*] of the particles impacting onto the substrate. The benefits 
accrued due to the high velocity and high kinetic energy include coatings 
with less porosity (superior corrosion resistance), high density (high 
hardness wear resistance), higher adhesive bonding to the substrate and 
interparticle cohesive bonding (less spalling tendency), compositional 
uniformity, thicker coating, and smooth as-sprayed surface. With in- 
creased velocity, the spray rates increase approximately 3 to 4 times that 
of earlier systems. 

Hypervelocity Impact Fusion (HVIF). The process using high-pressure 
combustion systems resulting in high kinetic energies of the particles and 
thus releasing heat energy on impact to the substrate is termed the HVIF 
system (Ref 3.81). Higher velocities further improve the coating proper- 
ties. The higher kinetic energy of the particles at higher velocity requires 
only a smaller fraction of the heat energy to reach fusion temperature. The 
fused micrometer-sized particles solidify rapidly on the substrate surface. 
Rapid solidification and deposition processes provide very little scope, if 
any, for decomposition, alloying, or oxidation of the coating material. The 
coating becomes essentially 100% dense. 

Cold Spray Process. A high striking velocity (up to 3000 m/s) is used 
in the cold spray process (Ref 3.82). The process involves the acceleration 
of fine powders to very high velocity in a supersonic inert gas jet. On im- 
pact with the target surface, the solid particles experience very rapid de- 
formation, forming a bond with the substrate and each other to produce a 
very dense and strong coating (Ref 3.83). 
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The new technology of cold spray produces coatings with properties 
much closer to those of the parent material, due to the absence of in-flight 
oxidation and remelting in thermal spraying. Even the most advanced 
thermal spray processes, such as HVOF and plasma spraying, produce 
coatings with interconnecting pathways (due to the presence of microscale 
porosity and oxides); hence, substrate attack by corrosive media is usually 
inevitable (Ref 3.14). However, the recent development of cold spray 
technology has made possible the deposition of virtually pore-free and 
oxide-free metallic coatings (Ref 3.84). 

Very few property data exist, but initial studies claim cold spray coat- 
ings provide superior corrosion and wear resistance and have sufficient 
mechanical strength in the as-deposited condition to enable the process for 
use in spray-forming or additive manufacturing and restoration of compo- 
nent dimensions. Cold spray deposits are also characterized by high cohe- 
sive strength, with 400 MPa reported for nickel (Ref 3.85). 

Electromagnetic Powder Deposition. Electromagnetic force is used 
to accelerate the particles to a velocity of approximately twice that of 
HVOF. The high velocity generates enough energy to enable fusion bond- 
ing of sprayed particles onto the substrate surface. Unlike thermodynamic 
constraints that limit the velocity of oxyfuel systems, the electromagnetic 
force can accelerate the particles to almost twice that of HVOF and be- 
yond (Ref 3.79). However, the process is yet to be commercialized. 


Thermal Spray Coating Materials 


Thermal spraying is a major process in surface engineering, covering a 
wide spectrum of applications. Base-material properties remain virtually 
unaffected due to the low surface temperature of the substrate material. 
Almost all types of solid materials, such as metals, ceramics, polymers, 
and composites, can be used as substrates and as coating consumables. 
This is a major process for depositing ceramic materials onto metallic 
substrates, accounting for more than 50% of such applications. In com- 
parison, vapor-phase deposition of ceramic materials is limited to approx- 
imately 25% of applications. 

Bond Coat. In thermal spraying, the adhesive bonding of a coating to 
the substrate surface is mechanical. To improve the bonding of sprayed 
particles, the substrate surface is made rough by grit blasting, clinically 
cleaned with chemicals, and remains untouched by hand before spraying. 
A thin layer of bond coat material (Table 3.8) is sprayed onto the prepared 
substrate to further improve adhesive bonding of the coating material. 
Bond coat materials are selected according to the top coat and substrate 
materials and the application temperature. For general use in metal-to- 
metal bonding, Ni-5%Al is used; Ni-20%Cr is used for boiler tube appli- 
cation with a top coat of nickel-chromium + CrC. In gas turbines, CoCrY 
is a bond coat for thermal barrier coatings of stabilized ZrO). 
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Metallic Materials for Thermal Spray Coating. Metallic materials for 
thermal spraying include pure metals (zinc, aluminum, molybdenum) and 
alloys of metals, such as nickel, iron, cobalt, and copper alloys. A combi- 
nation of metal plus an alloy, such as molybdenum plus NiCrBSi alloy, is 
also used. 

Powder combinations based on NiCrBSiC alloys with additions of WC, 
TiC, VC, NbC, and TaC on the order of 5 to 50% successfully plasma 
spray. The excellent wear-resistant properties of these alloys are achieved. 

All the metallic materials are available in the form of atomized powder 
or tubular wire. Most of them are also available as rods. 

Originally developed for spraying with a low-capacity oxyfuel torch, 
low-melting-point nickel-base self-fluxing alloys are extensively used 
even now for repair and maintenance. The NiCrBSiC alloys cover a wide 
range of applications. Higher-thermal-capacity torches are used for bigger 
jobs, such as machine-glazed cylinders. A selected list of metals and al- 
loys and their properties and applications is given in Table 3.9. 

Ceramics and Composites. Ceramic oxides (Al,O,, TiO,, Cr,O,, and 
ZrO,) are extensively used as thermal spray coatings to resist wear, corro- 
sion (barrier layer), erosion, and abrasion and to serve as heat insulation 


Table 3.8 Bond coat materials 


Maximum temperature 
in service 


Materials °C °F Bonding interface 
Molybdenum 315 600 Metal/metal 

80Ni-20A1 620 1148 Metal/metal/ceramic 
89Ni-6A1-5Mo eee eee Metal/metal/ceramic 

94(Ni + Cr) + 6Al 980 1796 Metal/metal/ceramic 
95Ni-5Al 1010 1850 Metal/metal/ceramic 
80Ni-20Cr 1260 2300 Metal/metal/ceramic 
MCTAIY, e.g., NiCrAlY, CoCrAlY 1260-1316 2300-2400 For ceramic coat on metals 
Zn-Al For plastic substrates 

Al-Si Al substrate for ceramic coats 


Source: Ref 3.5 


Table 3.9 Selected metallic thermal spray coatings, properties, and applications 


Material Processes(a) Wear-resistant properties Applications 

Zn/Al/Zn + Al Arc/OF Corrosion in marine environment Bridges, structures, windmills (both on- and offshore) 

Molybdenum and Mo composites Arc/OF/P Pitting and abrasion Machine-glazed cylinder for quality tissue paper 
with NiCrBSiC Adhesive wear + friction Piston rings 

AISI 420 stainless steel Arc/OF Pitting and abrasion Machine-glazed cylinder for paper 

AISI 316L stainless steel Arc/OF Corrosion Chemical plant/chimney 

FeCrCA\ (high-Cr iron) Arc/OF/P Erosion Boiler tubes 

FeCrMAI (“M” = Mo, Ni) Arc/OF/P Erosion + corrosion Boiler and superheater tubes 


Self-fluxing Ni alloys, NiCrBSiC OF 
alloys (Range: 70 HRB to 40 HRC) 
Self-bonded Ni alloys, NiCrBSiCAl OF/P 


(50 HRC) 
50Ni-50Cr OF/P/HVOF 
CoCrWC (Stellites) OF/P/HVOF 
Al-bronze (Cu-10%A1) OF/arc 


Friction, abrasion, erosion, corrosion 
Erosion resistant 
High-temperature corrosion 


Erosion 
Friction, corrosion 


(a) Arc = arc spray; OF = oxyfuel torch; P = plasma; HVOF = high-velocity oxyfuel 


Repair of bearing areas in journal packing and seals. 
Also used for shafts and Yankee dryers 
O-Sepa air separator 


Superheaters and supercritical boilers 
Turbine blades, impellers, induced-draft fans 
Shafts (marine) and bearings 
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(thermal barrier) (Table 3.10). Among carbides, WC-Co is used to resist 
erosion (induced-draft fans) and hot metal corrosion (molten zinc) in sink 
rolls. Nickel graphite (or hexagonal boron nitride) is used as an abradable 
coating in turbine blades. 


Properties of Thermal Spray Coatings 


Thermal spray coatings of metals, ceramics, and composites are used for 
a variety of wear-, corrosion-, oxidation-, and heat-resistant applications. 

Thickness and Hardness. Generation of high tensile residual stress in 
the coating limits the thickness to approximately 3 mm (0.1 in.). Higher 
thickness is possible in high-velocity processes due to the development of 
compressive residual stress by impacting particles. 

Hardness varies from 90 HRB for soft metallic coatings to 2500 HV 
and higher for ceramic deposits. 

Microstructure. A polished cross section reveals wavy outlines of the 
lamellar structure of the sprayed deposit. In a scanning electron micro- 
scope at a magnification of 4500x, microcracks are observed in high- 
hardness deposits due to thermal contractions during cooling. Some 
rapidly cooled WC-Co in HVOF deposits is found to possess an amor- 
phous structure. The postcoating heat treatment results in recrystallization 
of the amorphous product into eta carbides (Co,W,C and Co,W,C), with 
vastly improved wear properties (Ref 3.86). 

The high-velocity jet in the HVIF process enables the particles to be 
forged onto the substrate surface on impact. The HVIF metallic coatings 
have a dense, pore-free microstructure. 


Table 3.10 Selected list of ceramics and composites, deposit properties, and applications 


Coating material Hardness, HV Deposit properties Applications 
Alumina (Al,0,) Brittle, abrasive wear resistance. Ti addition Contact seals, shaft-protection sleeves, 
+ 3% TiO, 2400 improves toughness, density, and lowers textile rolls, hydraulic parts, pressure 
+ 12% TiO, 2100 hardness. rollers 
+ 40% TiO, 1600 
Chromium oxide (Cr,O) 2500 Dense, smooth coating; high hardness and Pump parts, plungers, shaft-protection 
abrasive wear resistance; excellent sleeves, gasket fittings, textile machinery 
corrosion resistance parts 
Zirconium oxide (ZrO,) stabilized by: Poor wettability in liquid metal; heat Casting machine parts, molds, high- 
Y,0, 2600-1400 protection, insulation temperature nozzles, combustion 
MgO 500-1200 chambers, thermal barrier coatings 
CaO 500-570 
WC-12%Co 1490 Hard, tough, dense coating; good resistance Sink rolls in galvanizing plant, sinter fan 
to abrasion, erosion, thermal shock, blades 
corrosion, and heat 
Cr,C, + 25% NiCr Up to 1900 Similar to WC-12%Co; very good heat Hydraulic valves, boiler tubes. Ideal wear 


Cr,C, + NiCrBSiC (self-fluxing alloy) 
CoCrAlY + Y,O, + CrB, 


5.5BN + Ni,,Cr,Fe + 3.5Al 
BN or graphite + Ni 


Al-Si + polyester 


resistance 
Heat resistant; high-temperature hardness 
High-temperature abrasion resistance to hot 
metals 
Self-cleaning and -lubricating 


Self-lubricating 


protection for Al parts 
Concast molds 
Hearth rolls in continuous annealing 


Self-cleaning of rolls in stainless steel 
annealing furnaces 

Friction-bearing abradable coating on 
turbine blades 

Abradable coating in gas turbines 
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Compositional changes occur mostly in the atmospheric spraying 
processes. For example, in HVOF and plasma spraying, some of the tung- 
sten carbide particles dissociate into tungsten and carbon and thus are de- 
carburized by oxidation of the freed carbon. Arc spraying leads to the loss 
of oxidizable elements. 


Selected Applications 


In thermal spraying, the base material remains unaffected; hence, the 
process is used on any base material, including paper. The process is used 
in original equipment manufacturing (OEM) to coat components before 
and after assembly (finished or unfinished components) and in mainte- 
nance and repair (M&R). Thermal spraying is a major process for coating 
in the M&R stage. 

Molybdenum and Molybdenum-Containing Coatings A molybde- 
num coating is used to resist pitting corrosion and abrasion in a Yankee 
dryer, which is a large cast iron cylinder containing superheated steam. It 
is used for continuous drying of tissue paper pulp that is scraped from the 
cylinder by a doctor blade (tungsten carbide). Because of wear and pitting, 
the dryer requires frequent finishing operations. The reduction in diameter 
from reconditioning limits the life of the dryer. An additional 15 mm 
(0.6 in.) is added to the diameter in the OEM stage, giving it a life of ap- 
proximately 15 years. With the introduction of a coating, the life expecta- 
tion is technically indefinite. A plasma-sprayed composite powder of 
75%Mo-25%Ni forms a very dense, hard (average of 490 HV/200 g) de- 
posit (0.9 mm, or 0.035 in., maximum thickness) with a bond strength in 
excess of 45 N - mm”? (6500 psi). The wear depth of the composite coat- 
ing is reported as 1.15 x 10°° umm per revolution by a tissue paper manu- 
facturing unit. Laboratory wear tests show a wear rate of 2.65 times for 
arc-sprayed 420 stainless steel and 4 times for plasma-sprayed 420 stain- 
less steel, compared to 1 in a plasma-sprayed molybdenum composite. 

The pitting corrosion wear at the edge of a steam dryer is successfully 
repaired by spray deposition of NiCrBSiC powder alloy (40 HRC), using 
a medium-capacity oxyacetylene torch (Ref 3.14). 

Molybdenum with 62 to 63% NiCrBC alloy as the composite is exten- 
sively used in piston rings. For piston ring application, the wear proper- 
ties were tested in Dow Corning LPW-1. In this test, a prepared piston 
ring test coupon in the as-ground state is held stationary while a typical 
cylinder liner material is rotated against it in the lubricated condition 
(Ref 3.87). 

The test results of several molybdenum-base composite materials indi- 
cate improvement in wear and friction properties with increasing nickel 
alloy additions. A molybdenum plus molybdenum oxide coating results in 
wear properties superior to a low-nickel alloy containing composites 
(Table 3.11). 
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Fe-Cr-Al and Ni-Cr Alloys. Thermal spraying is extensively used in 
resurfacing worn boiler tubes on site without dismantling the tubes. 

High-aluminum steel containing Fe-22Cr-6Al coating material resists 
corrosion due to sulfur and has almost identical thermal expansion coef- 
ficients as the steel tube. An arc-sprayed coating of Fe-22Cr-6A] is used in 
a black liquor recovery boiler (Ref 3.14). A disadvantage of the Fe-22Cr- 
6Al coating is the early loss of adherence with the base material. A 50Ni- 
50Cr coating was found to have good adherence to steel tubes as well as 
resistance to sulfur corrosion. 

Verstak et al. (Ref 3.88) evaluated corrosion resistance to sulfur and 
chlorine of Ni-45Cr-Ti alloy, which was deposited by high-velocity arc, 
HVOF, and conventional arc processes. They found that both sulfur and 
chlorine permeated through the conventional arc-sprayed deposit, leading 
to attack on the substrate below. High-velocity arc spraying, however, out- 
performed arc and HVOF coatings. 

Cermets and Ceramics Applications. The most commonly used cer- 
mets in industries include HVOF-sprayed WC-Co and Cr,C, + NiCr. Typ- 
ical compositions of these two cermets are WC-17%Cr and Cr,C,-25%Ni. 
The abrasive wear properties of cermets, along with Al,O, (ceramic) and 
hard chrome plating, are shown in Table 3.12 (Ref 3.89). 

The service temperature of WC-base cermet is limited to 450 °C 
(840 °F) because of the significant amount of oxidation of carbide in the 
air above this temperature. The CrC-base cermet can be used up to 900 °C 
(1650 °F). 

Higher-hardness alternatives include TiC plus NiCr or FeCr matrix. The 
TiC has a hardness of 30 GPa compared to 22 GPa for CrC. The HVOF- 
sprayed deposits of TiC-base cermet show superior wear resistance to that 
of CrC cermet (Ref 3.90). 


Table 3.11 Properties of plasma-sprayed molybdenum composites 


Average coefficient 


Bond strength of friction 
Hardness —__—__ Average wear, —Sa 
Material (100g), DPH MPa psi cm? x 10-6 Start Finish 
Mo/MoO, composite (7-8% oxygen) 1007 50 7071 45.88 0.131 0.135 
Mo-20%Ni alloy blend isis pis dei 190.09 0.148 0.142 
Mo-62.5%Ni alloy 696 55.43 8040 26.22 0.149 0.147 


Source: Ref 3.87 


Table 3.12 ASTM G65 abrasion wear test data of 
selected ceramics and cermets 


Normalized wear 


Ceramics and cermets Process(a) Hardness, HV resistance 
Al,O, HVOF 900 5 
Hard chrome plating va sat 1 
WC-12Cr HVOF 1225 5 
WC-17Co HVOF 1100 25 
75CrC-25NiCr HVOF 900 3.7 


(a) HVOF, high-velocity oxyfuel. Source: Ref 3.89 


Chapter 3: Green Surface Engineering / 157 


A NiCr-TiB, cermet HVOF coating is reported to have superior wear 
and hardness properties compared to CrC-base cermet (Ref 3.91). 

Plasma and, more recently, HVOF are used for spraying TBCs of Y,0,- 
stabilized ZrO, with a bond coat of NiCrAlY or CoCrAlY on gas turbine 
parts. 

High-Velocity Impact Forging Applications. Successful examples 
involving the HVIF process for deposition include 88/12 WC-Co and 
AISI 316-grade stainless steel (Ref 3.14). The hardness of the deposited 
88/12 WC-Co is 1778 Knoop, and that of the stainless steel deposit is 
352 VPN (100 g). The lower hardness of the stainless steel deposit indi- 
cates low oxide content. 

Cold Spray Applications. Fully mechanized supersonic cold spray 
equipment is commercially available in several process variants. Now that 
heated nitrogen can be used as the propellant gas (in place of helium), 
process operating costs are comparable to HVOF spraying. Further sys- 
tem developments result in powder heating (to >600 °C, or 1110 °F), 
thereby increasing the range of materials that are deposited to include al- 
loys such as nickel alloy 625, titanium alloys, and pure metals. 

A recent report claims excellent anticorrosion performance (typical of 
the parent material) of cold spray coating in hydrochloric acid, which is 
behavior unseen with thermal spray coatings (Ref 3.92). 

To date, studies have mostly focused on metals and metallic alloys, and 
it has only been possible to deposit wear-resistant materials (such as ce- 
ramic oxides and carbides) as part of a composite coating (from co-sprayed 
ceramic and metal powders). However, there are several recent references 
to the deposition of tungsten carbide coatings, including a U.S. manufac- 
turer claiming a novel form of WC-Co powder suitable for cold spray 
systems (Ref 3.93). 


Thermal Spray versus PVD 


In comparison to PVD, the thermal spraying processes have no job-size 
limitation and are carried out on site or at the workshop. In addition to 
OEM, thermal spraying is extensively used in resurfacing or building up 
dimensions in worn components in routine M&R. Resurfacing during 
M&R has a multiplying effect on increasing the life cycle of the compo- 
nent or equipment several times. While PVD produces a thin coating of 
columnar microstructures, thermal spraying results in a thick coating of 
lamellar microstructures (Table 3.13). However, bonding with the sub- 
strate in both PVD and thermal spraying is mechanical. 


Thermal Spraying of Polymer Coatings 


Thermal spraying of polymer involves both spraying and fusing onto 
the substrate surface to form a dense, pore-free coating. The pore-free 
polymer coating prevents the ingress of corrosive fluids, thus preventing 
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Table 3.13 Comparison between thermal spraying and physical vapor 
deposition (PVD) 


Item Thermal spraying PVD 

Equipment cost Cheap/moderate/expensive High, justified for large lot size 

Deposition rate High Low 

Coating thickness High Low 

Microstructure Lamellar (i.e., parallel to surface) Columnar (i.e., perpendicular to surface) 
Can withstand stresses Cannot withstand stresses 
Substrate unaffected Substrate unaffected 

Surface roughness As-sprayed rough surface Reflective mirror finish 

Deposit purity High (vacuum plasma)/moderate High 

Substrate material Any solid surface Any solid surface 

Coating material Metal/ceramic/plastic Metal/ceramic/composites 


Source: Ref 3.14 


corrosion of the coated structure. The coating thickness varies from 0.051 
to 6.35 mm (0.002 to 0.250 in.) and is ideally suited for large structures 
that otherwise cannot be dipped into a polymer suspension. 

Thermoplastic coatings can be repaired by simply remelting or apply- 
ing additional material to the desired location. 

The list of thermal spray polymers includes ethylene methacrylic acid 
copolymer, polyethylene, polypropylene, nylon 6.6, polyethylene-tetraflu- 
oroethylene copolymer, polyetheretherketone, phenolic epoxy, and poly- 
imide. 

Substrate materials are metals, ceramics, plastics, wood, or paper. Other 
polymeric coating processes include electrostatic and fluidized-bed tech- 
niques. The electrostatic process needs a conducting surface; hence, it is 
restricted to metallic substrate materials. Fluidized-bed powder coating 
cannot be used on cardboard. 

The polymer consumables in powder form are sprayed by using a suit- 
ably modified oxyfuel combustion torch. For polymer spraying, propane 
is the preferred gas. 

Applications of polymer coatings include snowplow blades, pump 
impellers, tank linings, external pipe coatings, structural steel coatings, 
transfer chutes, and vacuum systems. In these applications, the intrinsic 
properties of polymers, such as corrosion resistance, high impact resis- 
tance, and high abrasion resistance, are used to advantage. 

Corrosion- and Wear-Resistant Applications of Polymers. The poly- 
meric coatings are used as neutral or barrier layers to resist corrosion. 
They are also used as wear-resistant coatings for sliding and erosive wear. 
Some of the polymers possess good adherence properties and are there- 
fore used as sealants and binders in metal or cermet spraying. Major ap- 
plications of polymeric coatings include: 


e Sealant for porous thermal spray coating to prevent corrosion: The 
ingress of active fluids through surface porosities and the interconnec- 
tions to the substrate can cause corrosion. By thermal spraying epoxy 
on a preheated coating surface, it is possible to effectively seal the 
open pores and most of the interconnections. 
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e Sliding wear resistance: Synthetic fluorine-containing resins have a 
very low coefficient of friction. Ultrahigh-molecular-weight polyethy]- 
ene (UHMWPE) is one such unique polymer that has exceptional tri- 
bological properties, such as high wear resistance and low coefficient 
of friction. It has the highest sliding abrasion resistance and the highest 
notched impact strength of any commercial plastic. The UHMWPE is 
highly wear resistant compared to many other polymers, such as poly- 
etheretherketone, polyethylene, and polystyrene. The coating demon- 
strates a very good wear life, with a low coefficient of friction of ~0.02 
to 0.2. In spite of its excellent tribological properties, use of UHMWPE 
in demanding tribological applications has been limited due to various 
constraints, such as its low load-bearing capacity in the bulk form and 
its thermal instability (Ref 3.94). 


Corrosion-Resistant Coating 


Fusion-bonded epoxy coating (also known as fusion-bond epoxy pow- 
der coating and commonly referred to as FBE coating) is an epoxy-based 
powder coating that is widely used to provide corrosion protection of: 


e Steel pipe used in pipeline construction 
e Concrete reinforcing bars (rebar) 

e Wide variety of piping connections 

e Valves 


Corrosion protection of underground steel pipeline with FBE plus ca- 
thodic protection has been in practice for the last several decades. With the 
higher cost of frequent repair and rebuilding of concrete structures, such 
as bridges, highways, and buildings exposed to marine environment (or 
salt used for deicing), the corrosion-resistant FBE coating on rebar has 
become an accepted practice. 

Corrosion of steel occurs by formation of Fe**, and the removal of the 
iron ion by oxygen, moisture, and chlorine accelerates the corrosion reac- 
tion. The iron corrosion products occupy a much greater volume than iron 
and cause tremendous pressure on the concrete. The pressure causes the 
concrete to crack and spall, allowing even greater access of corrodents to 
the steel and accelerated deterioration of the structure. 

The epoxy coating is a good barrier to oxygen, moisture, and chlorine. 
The long-term performance of the epoxy coating depends on its adhe- 
sive strength and the ability to stay on the surface through its design life. 
The field performance of FBE in excess of 20 years in the saline Middle 
East sabkha in wet environments provides an example of its long-term 
protection capabilities. The FBE-coated rebar can increase the service 
life of a concrete structure from 20 years (in uncoated bar) to 35 to 45 
years (Ref 3.95). 

Thermal spraying is gaining popularity over the normally used fluidized- 
bed coating and oven or induction heating, due to faster deposition with 
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simultaneous curing, followed by fast cooling. In addition to OEM, the 
process can be used for M&R on site or in situ. 


Design of FBE Coating Powder for Steel Rebar Coating 


Impact resistance or hardness is a function of the cross-link density. 
Higher densities can be achieved using low-molecular-weight curing agents 
that show tightly cross-linked structures. 

Mechanical adhesion is the gripping force that results from the rough- 
ness of the substrate (i.e., peaks and valleys). Polar adhesion is the hydro- 
gen bonding that occurs between the substrate and the epoxy coating. 
Chemical bonds are formed through electron sharing by groups on the 
substrate and the epoxy resin. These bonds are by far the strongest and 
contribute most to adhesion. Groups such as nitrogen and oxygen can 
bond with iron and silica. 


Spray and Fusion Processes 


In this process, the thermally sprayed coating is fused either simultane- 
ously with spraying or subsequently by using a heat source. 

A series of self-fluxing nickel-base alloys plus some cobalt-base alloys 
are used as consumables (Table 3.14). The fusion temperatures of these 
alloys are in the range of 950 to 1050 °C (1740 to 1920 °F). The spray 
fusion process is essentially a brazing operation where the base material 
does not melt. 

The spray fusion process using an oxyacetylene torch has a large range 
of hardfacing applications, using self-fluxing alloys covering a wide range 
of hardness (25 to 65 HRC) and wear properties (Table 3.14). In these al- 
loys, boron and silicon additions lead to decreased fusion temperature of 
the alloy, increased deposit hardness, and provide a thin protective slag 
cover. Chromium is added to improve hardness as well as corrosion and 
high-temperature oxidation resistance. Chromium forms hard carbides 
and borides with carbon and boron, respectively. The spray-fused coatings 
can be applied to carbon steels, alloy and stainless steels, and nickel- and 
cobalt-base alloys. 


Table 3.14 Composition, hardness, and major applications of self-fluxing alloys 


Chemical composition, wt% 


Alloys Cr Si B Fe C Ni Co Hardness, HRC Applications 
Nil 0-5.0 3.0-3.5 1.0-1.5 1.0-1.5 0-0.2 bal dig 25.0-30.0 Glass mold 
Ni2 7.0-10.0 3.0—4.0 1.5-2.2 3.0—4.0 0.2-0.4 bal die 36.0—42.0 LMM rolls(a) 
Ni3 10.0-12.0 3.0-4.0 1.8-2.5 3.5-45 0.4-0.6 bal vee 46.0-52.0 Plunger 

Ni4 13.0-17.0 4.0-5.0 3.0-3.5  4.0-4.5 0.5-0.8 bal jak 56.0-62.0 Wear ring 

c5 5.0-6.0 1.5-2.0 0.9-1.2 1.8-2.3 0.2-0.3 bal(b) ive 60.0-65.0 Tricone bit 
Co6 24.0 2.5 15 1:5 1.0 12.0 bal 44.0—48.0 Cane cutting 
Co12 2.4 2.5 15 5 1.0 12.0 bal 50.0-55.0 Knives 


(a) LMM, light merchant mill. (b) C5 contains 50% WC. Source: Ref 3.14 
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The basic advantages of the process include almost no dilution and 
good metallurgical bonding of the coating, with a wide range of hardness 
and corrosion- and wear-resistant properties. 

Examples of automated processes for spray-fused deposits include 
conveyor rolls in light merchant mills (abrasion resistance against hot 
steel strip), compressor plungers (frictional wear resistance), and glass 
molds (wear resistance to hot glass). Other spray fusion applications in- 
clude seal surfaces of control valves for offshore applications (resistance 
to galling and H,S corrosion in sour wells), induced-draft fan blades (re- 
sistance to particle erosion), wheel burns (resistance to impact adhesion 
wear) on railroad rails, wear rings (resistance to galling) in pumps, and so 
on (Ref 3.14). 

Self-Fluxing Tungsten Carbide Composite. The composite C5, made 
from a mechanical mixture of fine tungsten particles (<75 um) and a self- 
fluxing nickel-base powder alloy, can produce thin coatings (0.25 to 
3.0 mm, or 0.010 to 0.12 in.) with excellent resistance to abrasive and 
erosive wear. The fused coating of the composite is normally made by the 
spray-and-fusion process using an oxyacetylene torch. A uniform distri- 
bution of tungsten carbides in a nickel-alloy matrix is observed in the 
microstructure of the deposit. In a fused deposit, the shape and size of 
high-melting-point carbides is mostly retained. The composite is used ex- 
tensively for building wear-prone areas in rock drill bits and induced-draft 
fan blades. The composite is also used as a wear-resistant matrix for mak- 
ing sintered diamond tools. 

Selected applications include the following. 

Light Merchant Mill Rolls (Ref 3.14). The conveyor rolls of light mer- 
chant mills are required to carry hot steel strips. The surface of hollow 
mild steel roll is coated with a NiCrBSiC self-fluxing alloy of 40 to 
45 HRC hardness. The high-temperature, abrasion-resistant coating im- 
proves OEM roll life several fold. Resurfacing of worn rolls further ex- 
tends the total service period. 

Compressor Plunger (Ref 3.14). For this application, the spray fusion 
process can replace highly polluting hard chromium plating. Through 
spray fusion of Ni3 alloy (Table 3.14), a coating thickness of 1.5 mm 
(0.06 in.) is obtained, compared to 0.25 mm (0.010 in.) maximum for 
electroplating. The fused coating requires grinding to a surface roughness 
(R,) equal to 0.45 um. The spray-fused coating improves plunger life sev- 
eral fold compared to that of the conventional chrome-plated plunger. 

Roll Cavity Forming on Spray-Fused Overlay (Ref 3.14). A spray-fused 
layer of self-fluxing, wear-resistant material is used to build up to the re- 
quired thickness of the worn or new (oversized) cavity of a forming roll. 
A steel die of the required cavity shape is mounted on the tool post of a 
lathe. The die is pressed onto the semisolid layer of spray-fused deposit of 
the rotating roll, resulting in the formation of a die cavity of the required 
dimensions. The spray-fused layer of NiCrBSiC self-fluxing alloy leads 
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to substantial improvement in the performance of forming rolls in steel 
plants. 

The sprayed coatings can also be fused with heat input from sources 
such as plasma, laser, induction, and concentrated solar beam. 

Plasma-Transferred Arc (PTA) Powder Welding Process. The PTA 
process, using powder alloys, has recently come to the fore as an ideal 
low-dilution welding process for wear-resistant coatings on a large num- 
ber of applications at the OEM stage, such as engine valves, process control 
valves, nuclear valves, wear rings, hydroturbine components, and tricone 
bits (Ref 3.14). The PTA process is basically a fusion welding process 
where the substrate materials are fused along with the deposited powder 
metals in the weld pool. The PTA process using powder is considered to 
be a thermal spray operation because of its similarities to spray and fusion 
processes. The low-dilution process requires a thin, single layer with the 
specified composition and wear-resistant properties. Also, the heat-affected 
zone in the base metal is insignificant compared to that of arc welding 
processes with two to three layers of weld deposits (Ref 3.14). Selected 
PTA applications are listed in Table 3.15. 


Table 3.15 Selected list of plasma-transferred arc alloys, compositions, wear, and 
applications 


Alloys (nominal compositions, wt%) Wear/applications 


Iron base 


Ferritic stainless steels 


AISI 410 (0.04C-13Cr-4Ni) Hot corrosion/concast rolls 
AISI 414 (0.03C-13Cr-5Ni-0.14N) Hot corrosion/concast rolls 
Austenitic stainless steels 
AISI 309Nb (0.08C-23Cr-14Ni-1.1Nb) Cavitation erosion/hydroturbines 
AISI 316L (0.03C-17Cr-12Ni-2.5Mo) Pitting corrosion/chemical equipment 
High-strength steel/M2 (1.1C-4Cr-0.5Mo-14W-1V-8Co) High hot hardness/cold shear blades 
White cast iron (2.4C-11.3Ni-24Cr-0.6Mo-1.2Si) High hot hardness, resists thermal shock and 
oxidation/concast rolls, induced-draft and sinter fans 
Nickel base 
NiCr/Incoloy 800 (21Cr-39.5Fe-0.35Ti-0.35Al) Heat resistant/carburizing plants, petrochemical 
equipment subjected to carburizing 
NiCr/Inconel 625 (22Cr-9Mo-3.5Nb-0.32AI1-0.32Ti) Corrosion and heat resistant/chemical, marine, and 
pollution-control equipment 
NiCrMo/Hastelloy 276 (16Cr-16Mo-5Fe-3.5V-3.5W) Corrosion and heat resistant/recovery of sour natural 


gas, heat exchangers, shear blades 


NiCrMoAITi/Udimet 520 (19Cr-12Co-6Mo-3.5Ti-2Al) Creep resistant/gas turbines, bar forging hammers 

NiCrFeSiC (16Cr-17Fe-3.5Si-0.35C) Heat and corrosion resistant/engine valves 

Cobalt base (Stellites) 

Stellite 21 (0.25C-1Si-27Cr-5.5Mo) Corrosion and heat resistant/forging dies, turbine 
components 

Stellite 306 (0.4C-25Cr-2W-5Ni-6Nb) Corrosion and heat resistant/hydroturbine components, 
process-control valves, plastic extrusion screws 

Stellite 6 (2C-1Si-28Cr-4W) Corrosion and heat resistant/hydroturbine components, 
process-control valves, plastic extrusion screws 

Stellite 12 (1.4C-1.4Si-28Cr-8W) Corrosion and heat resistant/higher-hardness 
applications 

Stellite 190 (3.3C-26Cr-14.5W) Drilling and mining applications 

Composites 

NiCrBSiC + WC Hard coat on tricone rock-cutting bits 


High-strength steel (M2) + TiC Hard coat on plastic extrusion screws 
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Laser Fusion of Sprayed Deposits. Laser beams are used to further 
consolidate the sprayed metallic or ceramic deposit by sintering or fusing 
(Ref 3.14). The process is used to reduce porosity and to close open pores 
for applications exposed to corrosive fluids. The sintering of the metallic 
layer improves the impact-resistance properties of the deposit. Fusion of 
the thin metallic layer results in surface alloying with the base metal, im- 
proving coating integrity. A thin, plasma-sprayed deposit of chromium 
and molybdenum on a low-carbon steel surface and laser fused results in 
a Stainless steel surface with excellent resistance to pitting corrosion. 

Solar Fusion. The use of solar energy for surface treatment or solar- 
induced surface transformation of materials is not as widespread as other 
direct-energy sources, such as ion, laser, plasma, and electron beams 
(Ref 3.14, 3.96, 3.97). 

Many materials absorb visible radiation better than infrared. Solar pro- 
cessing uses direct sunlight, which is reflected once or twice, resulting in 
losses of 5 to 10% per reflection and giving an energy utilization effi- 
ciency as high as 90 to 95%. In converting heat obtained from burning 
fossil fuel to electricity and again converting electrical energy into light, 
the process efficiency is as low as 9% for high-pressure arc lamps and 4% 
for CO, laser. Therefore, the most economic source of energy with a high 
utilization factor is solar energy. 

For surface modification of materials, a properly designed solar heating 
furnace is used. The solar radiation is concentrated to ~16 MW/m? (5 x 
10° Btu/h - ft?) with a single image concentrator and to 100 MW/m? (32 x 
10° Btu/h - ft?) with a nonimaging concentrator in a refractive medium 
with a refractive index greater than 1. The system uses radiation covering 
a wide spectrum, from the near ultraviolet to the near infrared. A thermal 
spray deposit is fused with solar beams with no crack formation typically 
observed in the laser fusion process. 

Solar furnaces are used for heating materials at very fast rates. The time 
to reach the melting point of the material when exposed to a solar flux of 
20 MW/m* (6 x 10° Btu/h - ft?) is as low as 0.089 s for oxide ceramic ZrO, 
(melting point: 2900 °C, or 5252 °F). For metal nitrides, such as TiN, the 
time to reach the melting temperature of 3200 °C (5792 °F) is 0.611 s, 
which is longer than more-insulating ZrO, (Ref 3.93). Longer time is re- 
quired for fusing highly conducting materials, such as copper (3.21 s) and 
aluminum (0.42 s), although they have lower melting points in compari- 
son to ceramics. 

The thermally sprayed coatings of NiCrBSi on AISI 4340 steel, AISI 
316 stainless steel, and WC-6Co on 0.4% C steel have been successfully 
fused by solar beam to form a dense, fused overlay metallurgically bonded 
to the substrate. The lamellar structure of thermal spray deposits are re- 
placed by dendritic structures of the fused coatings. Due to rapid heating 
by the solar beam, the substrate remains cool. As soon as the heat source 
is removed, the material cools quickly due to mass effect. If the cool- 
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ing rate exceeds 104 °C/s, then an amorphous metal (glassy structure) is 
formed. 

Induction Fusing. Spray-deposited ferromagnetic materials can be 
fused by induction heating. Self-fluxing nickel- and cobalt-base alloys can 
be fused to form a dense and uniform wear-resistant coating by induction 
heating of the as-sprayed deposit. Applications include plungers, con- 
veyor rolls, and wear rings. 

Carbon Arc Fusing. Self-fluxing alloy deposits, as-sprayed or applied 
as paste, are fused by arc welding, using nonconsumable graphite elec- 
trodes. The self-fluxing composites are made by mechanically mixing 
hard carbides or borides within a matrix of iron-, cobalt-, or nickel-base 
alloy that contains fluxing agents such as boron and silicon. The carbon- 
arc-fused paste of approximate composition Fe-4C-40Cr-0.8B with hard- 
ness in the range of 750 to 850 HV is used as an overlay on rotary bucket 
excavator and briquetting dies. The fused paste of C5 (Table 3.14) is used 
in coating induced-draft fan blades in thermal power plants to resist severe 
erosion of high-silica-containing ash (Ref 3.14). 


Weld Surfacing 


Welding is the most widely used technique for the heavy deposition of 
wear-resistant metallic materials on metallic surfaces. The bulk of the me- 
tallic or metal-based composites for surface engineering are used for weld 
surfacing. Welding is used to deposit wear-resistant coatings at OEM and 
M&R stages. Welding and thermal spraying together cover almost the 
entire range of M&R applications in large industries, such as power 
plants, steel plants, cement, chemical and petrochemical, transportation, 
and so on. 

Weld surfacing is carried out by solid-state bonding or through fusion 
processes. Solid-phase bonding between metallic surfaces is accomplished 
by cold or hot deformation processes. Hot deformation processes include 
friction, forge, and roll bonding. Cold processes, such as roll, explosive, 
and ultrasonic bonding, involve cold deformation. The fusion welding 
processes derive their names from the heat source, including oxyacety- 
lene, arc, spark, resistance, induction, plasma, laser, and electron beam 
sources (Fig. 3.13). Some of the important weld overlay processes include 
the following. 

Solid-Solid Bonding. Among the processes for solid-solid phase bond- 
ing, friction or friction stir weld surfacing has gained importance in recent 
years. 

Friction/Friction Stir Welding. A comparatively new technique of 
friction weld surfacing consists of rotating the coating material in the form 
of arod under pressure on the substrate (Ref 3.14). With the frictional heat 
developed, a layer 1.0 to 2.0 mm (39 to 79 mils) thick is transferred as a 
coating onto the substrate surface. The solid-phase bonding process in 
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Fig. 3.13 Welding processes for surfacing. MMAW, manual metal arc weld- 
ing; GMAW, gas metal arc welding; GTAW, gas tungsten arc weld- 
ing; FCAW, flux-cored arc welding; SAW, submerged arc welding. Source: Ref 3.5 


friction surfacing results in a superior metallurgical structure at the inter- 
face when compared with the cast structure in fusion welding. The process 
is used to deposit wear-resistant alloys such as stainless steels, high-speed 
steels, Ni-Cr-Nb alloys (Inconel), and Co-Cr-W-C (Stellites) on any weld- 
able or nonweldable steel surface. Commercially available rods of wear- 
resistant alloys are used. The process is used to build up wear-prone areas 
of industrial knives, valves, pump components, and plastic extrusion ma- 
chines with wear-resistant alloys. 


Weld Overlays: Fusion Welding 


In fusion welding, the abutting surfaces are joined by fusing with a heat 
source with or without additional consumable materials. In fusion weld 
surfacing, consumables in the form of electrodes are fused onto the re- 
quired surface by using a heat source, such as arc. In weld surfacing, arc 
welding processes have the major share, followed by plasma, laser, and 
spark welding. 

Shielded Metal Arc Welding or Manual Metal Arc Welding 
(MMAW). In the MMAW process, an electric arc is struck and maintained 
between a consumable flux-coated electrode and the substrate, resulting in 
continuous deposition of molten electrode material onto the base material. 
The base metal is fused to a depth dependent on the arc intensity. The flux 
coating helps establish the arc, provides a slag blanket to prevent undue 
oxidation of the molten metal, and is used to add elements to the weld 
deposit. Manual metal arc welding is a simple, inexpensive, and portable 
welding process requiring no additional gas or flux shielding. It is a man- 
ual process and requires adequate operator skills for good results. Multi- 
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layer deposits are required to compensate for dilution of the overlay 
material. Manual metal arc welding is a widely used, versatile welding 
process for common metals and alloys or iron, nickel, cobalt, copper, and 
aluminum. However, the process is not suitable for welding reactive met- 
als, such as titanium, zirconium, tantalum, and niobium, and low-melting- 
point metals, such as lead, tin, and zinc. Because of current limitations on 
a fixed length of electrode (230 to 460 mm, or 9 to 18 in.), deposition rates 
in MMAW are lower than in gas metal arc welding, which uses continu- 
ous wire as an electrode. 

Gas Tungsten Arc Welding (GTAW). Here, the heat of the arc be- 
tween a nonconsumable tungsten electrode and the base material fuses the 
filler metal and the interfacial regions of the two components to be joined. 
A shielding gas is provided to protect the molten metal from reacting with 
the atmosphere. The shielding gas is argon, helium, or a mixture of the 
two gases. 

Gas tungsten arc welding is used to produce defect- and spatter-free 
welds. The process allows precise control of the two main variables: the 
heat source and the filler metal. Almost all metals, including dissimilar 
metals, can be welded by this process. The process is fully automated, pro- 
ducing high-quality deposits of wear-resistant materials with lower dilu- 
tions than that found with MMAW or gas metal arc welding. However, the 
deposition rates are lower than the consumable electrode processes, mak- 
ing it more expensive for heavy deposition. For deep penetration and faster 
weld speeds, helium is preferred for mechanized welding. An alternating- 
current source facilitates cathodic cleaning of refractory oxides from the 
surfaces of reactive metals such as aluminum and magnesium. 

A refined weld microstructure similar to a temper bead is obtained by 
pulsed GTAW. Low pulse frequencies and low welding speeds produce 
this microstructural refinement (Ref 3.14). Pulsed GTAW is found to be 
superior to half-bead or butterbead temper-bead procedures used with 
weld surfacing. 

Gas Metal Arc Welding (GMAW). In this process, an arc is estab- 
lished between the electrode, in the form of continuous wire and the 
substrate. The protective gas is externally fed. The process is suitable for 
automated, repetitive weld overlay requirements. The shielding gas is 
argon, helium, argon/helium, argon/carbon dioxide, or argon/helium/ 
carbon dioxide, depending on the alloys being used. 

GMAW Variations. One other variation of GMAW is to use a tubular 
electrode containing a core of metallic alloying elements and deoxidants 
in powder form. During deposition, the metal-cored electrodes require ex- 
ternal inert gas shielding. Another variation is to use tubular wire contain- 
ing fluxes inside. The flux-cored electrode generates its own shielding gas, 
carbon dioxide, by decomposition of carbonates during welding. The de- 
position efficiency of the tubular electrode process is very high in com- 
parison to that of MMAW. The benefits associated with this high deposition 
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efficiency include shorter arcing times, less total welding time, and lower 
labor costs. 

Tubular wires are extensively used for repair and resurfacing of railway 
crossings, crushing hammers in cement plants, coal-crushing hammers in 
power plants, and concast rolls in steel plants. 

Submerged Arc Welding (SAW). In this process, the arc is established 
between a consumable electrode and base metal submerged in the fusible 
flux material. The consumable electrode is in the form of a wire or strip. 
Very high deposition rates are possible, using currents of up to 2000 A, in 
alternating- or direct-current mode and using single or multiple wires or 
strips as consumable electrodes. The flux stabilizes the arc, provides slag 
coverage, and controls the deposit properties. The SAW process is auto- 
mated and used for heavy deposition, including surfacing of continuous 
casting rollers, blast furnace bells, and forging die blocks. 

Plasma-transferred arc welding (PTAW) using powder alloys as the 
consumable is a low-dilution welding process. In critical applications, 
such as valves in a nuclear reactor, it is mandatory to use a high-alloy 
overlay with very little dilution. The dilution adversely affects the wear 
properties in superalloys, where one thin overlay layer is used. For costly 
superalloy overlay, PTAW with powder consumables is technoeconomi- 
cally viable in comparison to other fusion welding processes. 

Laser Welding. Laser beam welding is a fusion welding process where 
a concentrated beam of coherent, monochromatic light is focused on the 
area to be welded (Ref 3.14). Shielding gas is provided to prevent oxida- 
tion of the molten weld pool. Filler metals are used as powder or solid rod 
or wire. 

Laser welding can be carried out with either a 1.06 um solid-state 
neodymium-doped yttrium-aluminum garnet laser or a 10.6 pm wave- 
length CO, gas laser, depending on the energy capabilities of the pumping 
systems. The laser is operated in a continuous-wave or pulsed mode. 

Laser welding is found to produce lower heat-affected zone width and 
less distortion than the other two processes. Despite the heavy investment, 
factors for laser welding include high-speed welding (3 times faster than 
plasma welding and 20 times faster than GTAW), reduced material usage 
(1.6 of plasma and 1.10 of GTAW usage), reduced manpower, and the 
elimination of grooving preparation. 

Spark Deposition Process. Metal deposition by reversing the polarity 
of a spark-erosion machine is used both for correcting machining errors 
and for wear facing of difficult-to-weld hard metals (Ref 3.14, 3.98). It is 
a microwelding process in which a moving consumable electrode deposits 
minute amounts of material by momentarily short-circuiting with the sub- 
strate. The electrode makes and breaks contact with the substrate at certain 
frequency with a vibrator. The handheld vibrator is traversed over the sub- 
strate. Higher power input leads to higher deposition rate and an increase 
in surface roughness. 
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Deposits are in the form of splats, normally forming layers of 3 to 
250 umm thick. A deposit thickness of up to 1 mm (0.04 in.) is obtained. 
Spark deposition does not affect substrate properties due to the negligible 
heat input (Ref 3.98). 

The spark-discharge technique is used to make deposits containing hard 
and superhard materials, such as titanium, chromium, and tantalum car- 
bides and ultrafine diamond particles (Ref 3.14). 

Tungsten carbide deposits improve tool life several fold. The use of 
graphite electrode increases the carbon content of the steel surface, and, 
with a very high rate of cooling, a thin carbon-enriched surface layer 
transforms to hard martensite (Ref 3.14). 

Although cutting tool wear can occur at both the rake and clearance 
sides of cutting edges, carbide impregnation at the rake face of a milling 
cutter is sufficient to improve tool wear life. Softer material erodes from 
the uncoated edge, leaving a sharpened edge on the coated side. The wear 
of the uncoated edge is referred to as “beaver-toothing” (Ref 3.98). Simi- 
larly, the flutes of taps and drills, top surfaces of dies, and the ends of 
punches are carbide impregnated to improve wear life. 

The electrospark deposition process is used to deposit high-hardness, 
thin weld overlay on machine tools in both OEM and M&R. Electrospark 
deposition is also used to repair worn areas of preexisting coating by using 
the same material without the need for stripping. 


Weld Surfacing Alloys 


According to the Australian Welding Research Association, the bulk of 
welding consumables used for surfacing belong to five groups (Ref 3.5, 
3.99): 


e Chromium white iron 

° Steels 

e Tungsten-carbide-containing composites 
e Cobalt alloys 

e Nickel alloys 


White cast iron consumables include the following. 

Chromium white irons are known for their high hardness and excellent 
resistance to abrasive wear. Molybdenum is added to improve resistance 
to spalling, pitting, and heat checking. Molybdenum also forms hard car- 
bides and toughens the matrix. Nickel forms austenite; nickel additions 
improve the toughness, corrosion resistance, and high-temperature prop- 
erties of the alloyed cast iron. However, nickel also promotes graphite 
formation. Hence, the nickel content in white cast iron must be balanced 
by an equivalent chromium addition to prevent such occurrences. 

Chromium irons are classified into three groups depending on chromium 
content, such as the low-, medium-, and high-chromium white irons. In 
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low-, medium-, and high-chromium irons with similar nickel content, the 
austenite contents are 38, 36, and 9%, respectively. Low- (2%) and me- 
dium- (9%) chromium irons containing 4 to 5% Ni are known as Ni-Hard 
irons (Table 3.16). Ni-Hard IV contains 5% Ni in addition to 9% Cr and 
3% C. High-chromium irons are designated by chromium contents plus 
other main additives. For example, 15-2-1 contains 15Cr-2Mo-1Cu, and 
20-2-1 has 20Cr-2Mo-1Cu. The hardness and applications of selected al- 
loys are shown in Table 3.16. 

Ni-Hard Irons. Nickel-chromium white irons, known as Ni-Hard irons, 
were developed earlier and are less resistant to impact and abrasive wear 
in comparison to more recently developed high-chromium irons. How- 
ever, the cheaper nickel-chromium irons are still being used in large ton- 
nages for applications such as shell liners in wet mills and slurry pumps, 
where low impact properties are acceptable. 

High-chromium white irons are basically the white irons containing 
more than 12% Cr. In chromium-rich irons with chromium content above 
12%, a carbide, (CrFe),C,, is formed. Fine carbide particles with larger 
surface-area-to-volume ratios offer greater resistance to wear. Also, higher 
energy is required to initiate fracture at the carbide-matrix interface. 

The hardness of (CrFe),C, is 1700 HV, twice that of quartz. The pres- 
ence of extremely hard chromium carbides in high-chromium irons can 
cause substantial reduction in abrasive wear caused by abrasive quartz 
particles. Quartz is a ubiquitous material present in substantial quantities 
in ore. Large quantities of white iron are used as weld overlay to limit the 
abrasive wear in mineral dressing and other processing equipment, such 
as coal-crushing hammers, cement mill hammers, and in scheduled main- 
tenance as well as OEM. 

Steel consumables include the following. 

Stainless Steels. The corrosion-, wear-, and high-temperature oxidation- 
resistant overlays belong to the iron-chromium system, with or without 
additional elements. Chromium content above 11% makes the steel cor- 
rosion resistant. With chromium content above 11%, the microstructure 
in low-carbon stainless steel is ferritic. With the addition of austenite 


Table 3.16 Types, hardness, and uses of wearfacing white cast iron 


Type Condition Hardness, HV Applications 

Ni-Hard IV Cast 489 Slurry pumps for minerals and coal; liners for ball mills 
Hardened 702 

15-3 iron Cast 562 Hammers, impact bars, small jaw 
Hardened 774 

15-2-1 iron Hardened 776 Hammers, impact bars, small jaw 

20-2-1 iron Cast 482 Crushers, liners for ball mills 
Hardened 743 

28Cr-iron Cast 570 Slurry pumps, corrosive applications, blast furnace bell, liners for 
Hardened 663 ball mills 

23Cr-5Si Weld deposit 771 Mineral-processing equipment 


17Cr-iron Weld deposit 770 Mineral-processing equipment 


Source: Ref 3.5 
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stabilizers such as nickel and manganese, the austenitic structure is re- 
tained. 

Ferritic/Martensitic Stainless Steels. Steels in this group belong to the 
AISI 400 series. The 400 series of stainless steels contains 12 to 20% Cr 
plus 0.04 to 1.0% C. While the addition of nickel up to 4% improves 
toughness, a 2% Mo addition enhances pitting resistance. Higher carbon 
leads to martensitic stainless steel (e.g., AISI 430). 

Ferritic stainless steels exhibit excellent galling, heat, and erosion- 
cavitation resistance. The ferritic stainless steels are used in process- 
control valves for galling and corrosion resistance, engine valves for 
antigalling and good thermal fatigue properties, and hydroturbine compo- 
nents for excellent cavitation-erosion resistance. They are also used as 
weld overlay in concast rolls for excellent resistance to thermal fatigue. 

Martensitic stainless steels possess good edge-retention properties and 
corrosion resistance and therefore are used for making cutting knives, 
metal-forming tools, and dies. 

Austenitic Stainless Steels. The AISI 300 series of austenitic stainless 
steels, with nickel as an austenite stabilizer, are extensively used to resist 
corrosion, heat, and cavitation erosion. The titanium- or niobium-stabilized 
grades are not susceptible to weld decay. These alloys are used at service 
temperatures near the sensitizing range. Molybdenum-containing grades 
such as 316 have excellent pitting resistance. 

Austenitic Precipitation-Hardenable (PH) Steels. The hardness and 
strength of certain grades of austenitic stainless steel are increased by pre- 
cipitation hardening. The precipitations of nickel aluminide in 17-7 PH 
and that of copper plus Ni,Nb in 17-4 PH lead to increases in hardness and 
strength. The excellent strength and corrosion properties of PH grades 
make them ideal for applications such as gears, frogs, friction drives, roll- 
ers, and ball bearings. 

Hadfield manganese steel has a basic composition of 12 to 14% Mn and 
0.4 to 0.6% C. The high manganese makes the steel austenitic. The high 
rate of work hardening and wear in Hadfield steel drops to a very low 
value after a break-in period. The cold-deformed high-manganese steel 
surface transforms to hard martensite in a high-impact environment, thus 
reducing further deformation. Incidentally, the work hardenability of these 
steels can be estimated from the thickness of the magnetic layer. Further, 
the surface can be prestrained to reduce initial wear. 

With more than 10% Cr, the steel becomes stainless. High-chromium 
manganese steels are extensively used for resurfacing applications, such 
as railroad rail crossings and hydroturbine blades. The addition of 14 to 
15% Cr to manganese steel increases the rate of work hardening further 
and improves corrosion resistance. 

Due to excellent toughness, the Hadfield steels are extensively used for 
heavy repetitive-impact wear applications, such as the impact from rock 
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or ore encountered in impact crushers, shovel lips and teeth, or heavy 
metal-to-metal pounding in railroad frogs or crossings (Table 3.17). 

Tool and Die Steels. The steels belonging to this group retain sharp 
edges for a long duration during cutting, shearing, or trimming applica- 
tions of machine tools, forming dies, trimming dies, and shear blades. 

The precipitation of stable hard carbides, such as Mo,C, WC, and VC, 
leads to a secondary hardening peak during tempering of high-speed steels 
(M2 and T1) in the range of 500 to 600 °C (930 to 1110 °F). During high- 
speed cutting operations, the cutting edge often becomes red hot due to 
the frictional heat generated in the shearing operation. The high hardness 
of high-speed steels at red-hot temperatures makes it possible to retain 
sharp edges even after prolonged operations. 

Molybdenum and tungsten are the two main alloying elements respon- 
sible for edge retention in red-hot conditions at high-speed machining op- 
erations. Accordingly, high-speed steels are known as “M” (molybdenum) 
or “T” (tungsten) type. High-performance alloys contain cobalt. High- 
speed steels are used mainly for machining operations, such as cutting, 
shearing, or trimming applications. 

Machine tools, shearing blades (hot or cold shearing blades), and die 
cavities (e.g., crankshaft forging die) are made from chromium die steels 
(H11 and H12). High-chromium die steels (“D” type) are used for dies 


and work rolls for cold rolling. 


Table 3.17 Selected steels for weld surfacing 


Alloy 
Ferritic/martensitic stainless steels 


AISI 410 (Fe-0.04C-13Cr-4Ni-2Mo) 


AISI 430 (0.18C-16Cr-  1.53Ni) 
Austenitic stainless steels 


316L (0.03C-17Cr-12Ni-2.5Mo) 
309 Nb (0.08C-23Cr-14Ni-1.1Nb) 
AISI 312 


Austenitic precipitation-hardenable 
(PH) stainless steels 
17-7 PH (0.09C-17Cr-7Ni-1Al) 


Hadfield steels 


Hadfield manganese steels (0.5—0.9C/ 
11-16Mn/3-6Ni) 

High-Cr Hadfield steels (0.6—0.85C/ 
14Mn/14Cr) 


Tool and die steels 
M2 (0.83C-4Cr-5Mo-6W-2V) 


T1 (0.7C-4Cr-18W-1V) 
H11 (0.30C-5Cr-1.3Mo-0.5V) 


Features 


Resists galling, heat, erosion, 
cavitation, and corrosion 
Hard; good edge retention 


Resists pitting and erosion 


Stabilized grade (no weld 
decay) 

Tough; work hardening; good 
wear facing and buffer 

Strong; wear resistant 


Tough; impact resistant; work 
hardening 

Cr improves work-hardening 
rate and corrosion 


Strong secondary hardening 


Resists wear and friction 


Typical applications 


Concast rolls, hydroturbine components, 
railway crossings 
Dies and forming tools 


Hydroturbine components, raindrop 
erosion in turbine blades 
Elevated-temperature uses 


Anvils, pneumatic tools, tractor track 
grousers, railway crossings 

Gears, frogs, friction drives, rollers, ball 
bearings 


Railroad frog (low rolling-contact wear 
of high-Mn compared to 300 series) 

Preferred for reconditioning frog and 
hydroturbine runner blades, guide 
vanes 


Machine tools, shear blades, cutting 
knives, aircraft bearings 
Dies, mandrel, hot shear 
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Tungsten Carbide. The tungsten carbide (WC) formed by solid-state 
reaction containing 6.13% C and a hardness of 1500 HK, 9, is normally 
used for wear-facing applications. However, the best material for wear- 
resistant applications is the compound W,C with a hardness of 3200 
HK, 9. The W,C is produced by a casting process. The wear factors of 
weld deposits WC + W,C (2112 HV) and WC (1278 HV) in three-body 
abrasion tests are found to be 2.5 and 1.1, respectively, in comparison to 
that of chromium-molybdenum white iron at 1.0. In two-body abrasion 
tests, the WC + W.C deposit shows a wear volume loss 67.7% that of 
chromium-molybdenum white iron. 

The tungsten carbides for fusion welding are used in the following 
forms: 


e Large angular carbides are shaped into rod by using copper-base braz- 
ing alloy as binder. The deposits are made by fusing with a brazing 
torch, so that the tungsten carbide particles retain their shapes and 
sizes. 

° Sintered carbide rods are used as welding electrodes that fit in a copper- 
coated steel tube. 

° Powder materials are encapsulated in steel tubes and deposited by 
MMAW. Arc welding of these tungsten carbide materials produces de- 
posits with lower toughness and abrasive wear resistance when com- 
pared to overlays made by gas welding. In arc welding, the angular 
carbide particles dissolve, resulting in reduced deposit toughness and 
wear resistance. The relative abrasion-resistance index for an arc- 
welded carbide deposit is half that of a gas-welded overlay 

e A composite made from a mechanical mixture of fine tungsten carbide 
particles (<75 um, or 2950 win.) and a self-fluxing nickel-base powder 
alloy is used to produce thin coatings (0.25 to 3.0 mm, or 9.8 to 118.1 
mils) with excellent resistance to abrasive and erosive wear. The fused 
composite coating is normally made by spray and fusion with an oxy- 
acetylene torch. The deposition is done by the PTAW process. The 
bearing area of a tricone bit coated with this powder shows excellent 
abrasion resistance in service. 


Cobalt-Base Alloys. The stable form of cobalt at room temperature is 
hexagonal close-packed (hcp) (Ref 3.100). The hcp phase becomes stable 
with the addition of chromium, molybdenum, or tungsten. Cobalt-base 
alloys are inherently resistant to different types of wear, such as sliding, 
galling, fretting, cavitation erosion, and liquid droplet erosion (Ref 3.100). 

Stellites are the most widely used series of alloys for wear facing. Stel- 
lites are based on the Co-Cr-C system. Both low- and high-carbon alloys 
are used. Chromium improves corrosion resistance, while molybdenum 
and tungsten are used as carbide formers. 
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It is possible to produce a single-layer PTA powder weld overlay with a 
composition close to that of the wear-resistant powder alloy source. In the 
MMAW and GMAW processes, three layers of weld deposits are required 
to produce a composition close to that of the wear-resistant consumable in 
the top layer. Such low dilution has several economic and technical ad- 
vantages. Less-expensive consumables are needed, and very little distor- 
tion is encountered. As a result, the low-dilution PTA process with powder 
alloy consumables has become the most widely used technique for weld 
overlay of Stellites and other superalloys. This is particularly prevalent in 
the production of engine valves, process-control valves, spindles and 
valves for hydroturbines, and nuclear applications. 

The nominal compositions, wear-resistant properties, and applications 
of selected nickel- and cobalt-base alloys as PTA weld overlays are given 
in Table 3.15. 

Nickel-Base Alloys (Ref 3.101, 3.102). Wear- and corrosion-resistant 
nickel-base superalloys belong to the following groups: 


e Nickel-chromium alloys (Inconel) 

e Nickel-iron-chromium alloys (Incoloy) 

e Nickel-chromium-molybdenum alloys (Hastelloy) 

e Nickel-chromium-molybdenum-titanium-aluminum alloys (Nimonic) 


The alloys belonging to these groups are extensively used in manufactur- 
ing equipment and machinery meant to operate in hostile environments. 
The alloys are also used as wear-resistant overlays on cheaper substrate 
materials. 

Nickel-Chromium Alloys. The addition of chromium improves the high- 
temperature oxidation and corrosion-resistant properties of the alloys. In- 
conel 600 exhibits a coefficient of thermal expansion between those of 
ferritic and austenitic materials. It is therefore used as a buffer layer for 
building up an austenitic overlay on a ferritic substrate. The weld compat- 
ibility of the Inconel 600 deposit with high-carbon steel, cast iron, mar- 
tensitic stainless steels, alloy steels, and a number of nonferrous alloys 
makes it indispensable as a buffer for making weld overlays of dissimilar 
metals. The alloy is also recommended for various high-temperature (fur- 
nace muffles, heat treating components) and chloride ion corrosion (chem- 
ical industries) applications. The addition of molybdenum and niobium 
increases the strength of the matrix by solid-solution hardening. Titanium, 
aluminum, and niobium form intermetallic precipitates (y’) in Inconel 625. 
The material can withstand a wide range of severe corrosive environ- 
ments, including pitting and crevice corrosion. Applications include 
chemical, marine, and pollution-control equipment. 

Nickel-Iron-Chromium Alloys. This series of alloys contains a high 
amount of iron in addition to the nickel and chromium. In Incoloys 800 
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and 800HT, the iron and chromium contents are 40 and 21%, respectively. 
These austenitic alloys possess excellent oxidation, corrosion, and scaling 
resistance. Both alloys can resist high-temperature corrosion. The alloys 
are used extensively in the petrochemical industries, heat treating fur- 
naces, radiant tubes, muffles, and retorts. 

Nickel-Molybdenum and Nickel-Molybdenum-Chromium Alloys. The 
compositions of the alloys correspond to the homogeneous gamma field. 
They are strengthened by the solid solution of molybdenum and chromium 
and the precipitation of their carbides. Further strengthening occurs by pre- 
cipitation of tetragonal close-packed (tcp) phases through elemental segre- 
gation during solidification of the weld or cast material. The compositions 
of tcp phases (o, u, and P) correspond to 33Ni, 38Mo, 6W, and 3Fe. 

Hastelloy C276 has excellent resistance to general corrosion, pitting, 
and stress-corrosion cracking in chlorine, seawater, and brine. Hastelloy 
C276 has been used as weld overlay on evaporator plates for use in marine 
environments. The material has excellent high-temperature strength and is 
used in high-temperature applications such as weld overlays on hot shear 
blades, forging dies, and hammers. It is used in fuel gas desulfurization 
plants and in industrial and municipal incineration plants. 

Nickel-Chromium-Molybdenum-Titanium-Aluminum Superalloys. These 
superalloys were originally developed for aerospace applications and are 
increasingly being used for wear-facing applications in industrial equip- 
ment and machinery in severe wear situations. 

These materials are known as Nimonic alloys. The intermetallics of sim- 
ilar compositions can form three different phases: y” as Ni, (niobium, alu- 
minum, titanium), y’ as Ni, (aluminum, titanium), and the n phase 
corresponds to Ni,Ti. Precipitation of the gamma prime phase (y’) during 
aging results in improved high-temperature strength (Ref 3.26). The unique 
gamma prime (y’) phase, Ni, (aluminum, titanium), contributes to anti- 
phase boundary strengthening of the y + y' alloy. The yield strength of the 
alloy increases with increasing temperature up to 0.58 T (T,,y’ = 1395 °C, 
or 2545 °F), a tendency not generally observed in other alloys (Ref 3.26). 

Nimonic alloys were originally developed for gas turbine applications, 
such as rotor and stator blades, discs, shafts, compressor wheels, combus- 
tion chambers, rings, and casings. Applications were extended to include 
internal combustion engine components (tappet valves), nuclear applica- 
tions (fuel cans, tie rods), metal-working equipment (forging anvils and 
dies, hot shear blades, and extrusion dies and liners), furnace components 
(jigs, fixtures, and trays), diamond wheel molds (for forming diamond 
wheels at high temperatures and pressures), and glass-working tools (Ref 
3.102). Normally, tungsten inert gas (TIG) or plasma-transferred arc is 
used to make weld overlays of nickel- and cobalt-base alloys. The MMAW 
process cannot be used due to loss of aluminum and titanium during arc 
transfer. Plasma-transferred arc is preferred because of its very low dilu- 
tion compared to that of the TIG process. A single layer of a thin PTA 
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deposit has the same wear resistance as that of two or three layers of su- 
peralloy deposits made by other welding processes. 

Role of Dilution in Weld Surfacing on Wear Properties of Depos- 
its. Dilution in arc welding processes can alter the composition of the 
weld overlay. Fusion welding processes such as MMAW and GMAW lead 
to dilution to the extent of 30% in the first weld overlay layer by picking 
up elements from the substrate. Advanced PTA or laser welding processes 
using consumables in the form of powder alloys produce thin layers of 
weld deposits with dilution within 3% in the first layer. The wear and cor- 
rosion properties of the weld overlay depend on the extent of dilution. 

The comparative abrasion, friction, and corrosion wear values of a 
single-layer deposit by MMAW and PTAW are indicated in Table 3.18 
(Ref 3.103). 


Comparison of Abrasive Wear of Coatings Made by Thermal 
Spray, Spray Fuse, and Fusion Welding Processes 


Welding and thermal spraying are widely used surface-engineering 
techniques for producing wear-resistant coatings in both OEM and resur- 
facing during M&R. The fusion of thermal spray deposits leads to consoli- 
dation and improvement in wear properties of the coating. Spray and fuse 
bridges the gap between spray and fusion welding. 

Unger et al. (Ref 3.104) made comparisons of wear properties of three 
alloy deposits, using arc spraying, oxyfuel torch spray and fusing, and arc 
welding processes (Table 3.19). The three alloys were “A” (FeCrBSi 


Table 3.18 Variations in wear and corrosion resistance with welding processes 


Adhesion, mm?/m 


Welding Abrasion Speed, m/s Corrosion, mils/yr 
Alloy process(a) (WF), mm 3 4 5 10% HCL 10% HNO, 
Stellite 6 MMAW 2.85 2.5 3.0 4.6 42.037 2.86 
Co-28Cr-4W PTAW 4.57 0:75 123 1.32 30.75 0.021 
Hastelloy C276 MMAW 2.847 5.0 9.1 150 28.88 0.687 
Ni-16Cr-16Mo-3.5W PTAW 1.75 2.0 3.14 6.35 1517 0.261 


(a) MMAW, manual metal arc welding; PTAW, plasma-transferred arc welding. Source: Ref 3.103 


Table 3.19 Comparison of wear properties of deposits made by arc spraying, arc 
welding, and oxyacetylene spray and fusing 


Sprayed Fused, Fused Welded, HV,,/ Welded 
Sprayed, HV,,/ bond strength(b), HV,,/mass bond strength, mass loss, bond strength, 

Alloys mass loss(a), g psi loss, g psi g psi 
A coating 1012/0.73 7,200 675/0.59 >12,000 430/0.37 >12,000 
B coating 1037/0.6 8,400 695/0.32 >12,000 484/0.26 >12,000 
C coating 1030/1.03 10,700 691/0.36 >12,000 608/0.23 >12,000 
Mild steel(c) 200/2.60 ot Eon ex pis 
Hard Cr-plating(c) 1.75 
Tool steel(c) 1.41 


HV m = microhardness in Vickers. (a) Mass loss in accordance with ASTM G65 test results (6000 cycles) for abrasive wear. (b) Bond 
strength in accordance with ASTM G63 results for adhesive bonding. (c) Standard materials for comparison of wear data. Source: Ref 
3.104 
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amorphous alloy), “B” (alloy 625 + boron carbide), and “C” (NiCrBSiC + 
WC). The materials were used in specially- designed tubular wire form. 

The wear losses of sprayed, fused, and welded coatings were found to be 
substantially lower (30 to 80%) than that of hard chrome plating roll steel. 

The as-sprayed material was adhered to the substrate by mechanical 
bonding, with a low bond strength of 50 MPa (7200 psi). Bonding in the 
spray-fused coating showed improvement due to diffusion (capillary ac- 
tion) of elements to the substrate during the brazing process. The fusion 
welding process resulted in metallurgical bonding of the coating to the 
substrate. Although the spray-fused coating had superior bond strength 
compared to the sprayed deposit, it was not an integral part of the sub- 
strate material like that of welding. 

The welded coating was found to be the most wear resistant, followed 
by the spray-fused deposit. The sprayed deposit showed the least wear- 
resistant properties. 


Special Techniques for Protection against Wear 


Specialized techniques for fixing wear-resistant plates, liners, or mak- 
ing composite castings with wear-resistant inserts at the surface are used 
in a number of industrial applications. Some of the more popular tech- 
niques are discussed here. 


Wear Plates 


Wear plates with thick welded overlays of wear-resistant materials, ap- 
propriately shaped, are available for placement in wear-prone areas. De- 
spite their high surface hardness, duplex wear-faced plates are pressed 
into curved and conical shapes typically down to a 200 mm (7.9 in.) radius 
with inside cladding and a 2000 mm (78.7 in.) radius with outer surface 
cladding. Plasma cutting is used for profiling. The alloy face is ground to 
the required finish. Thick chromium-carbide-base alloy deposits are found 
to exhibit stress-relief cracks. They normally do not penetrate into the 
base plate but do reduce wear life. 

The selection of the appropriate wear-facing material for a particular 
application, combined with proper fitting and installation of the wear 
plates, results in improved life. Based on the type and severity of wear, 
matching wear plates are used at different locations of the same compo- 
nent. In this way, the wear surface is applied where it is needed. For ex- 
ample, tungsten carbide is applied in severe wear areas, complex chromium 
carbides in adjacent areas subject to less severe wear, and simple chro- 
mium carbides in the secondary wear sites. For high-impact areas, high- 
manganese steels or stainless steels are used. Wear plates are a viable 
proposition, both technically and economically, for uniform low wear 
over the entire component surface. 
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Ceramic Lining 


Hard materials generally are more resistant to abrasive wear. In the se- 
vere abrasive wear conditions prevalent in mineral-, cement-, and coal- 
handling plants, the traditional lining of hard alloys or cast fused basalt 
are replaced with alumina tiles. The sintered alumina tiles or slabs are 
extensively used in the conveyors carrying clinkers in cement plants, min- 
erals in mining, and coal in power plants. The ceramic plates are bonded 
to the base metal either by a suitable adhesive or by using a ceramic slab 
with a central hole, through which a tube welded to the base is installed. 


Hot Isostatic Pressing 


Hot isostatic pressing is used in forming a diffused and dense coating of 
material deposited by processes such as thermal spraying or preplaced 
materials at the required locations on the surface of the component 
(Ref 3.14, 3.105). Uniform pressure from all directions is applied on the 
precoated component through a fluid medium at high temperature, leading 
to the formation of a dense, diffused coating. 

Diffusion bonding is obtained between powder-solid, solid-solid, or 
even powder-powder surfaces. The base or coating material is therefore 
either solid or powder form. The temperature at which diffusion bonding 
occurs during the hot isostatic process is normally approximately 50 to 
70% of the melting point of low-melting-point material. The pressure em- 
ployed should be sufficient to close the pores. 

Examples of applications that use diffusion bonding through hot iso- 
static pressing include (Ref 3.14): 


e Nickel-base superalloy, such as Inconel 625 (Ni-Cr-Nb), as the 
corrosion-resistant coating on a low-alloy steel base 

e Wear- and corrosion-resistant cobalt-base superalloy, such as MPL-1 
(Co-Ni-Cr-Mo plus minor additions of titanium, niobium, or alumi- 
num), clad on AISI 4140 steel 

° Excellent adhesive wear resistance at high cutting speed in red-hot 
condition, such as high-speed steel, CPM9V (1.78C-5.25Cr-1.3Mo-9V), 
clad on exterior of AISI 4140 cylinders 

e Twin extrusion barrel internally clad with high-speed steel, such as 
CPM10V (2.45C-5.25Cr-1.3Mo-9.75V), against AISI 4140 steel 

* High-speed steel, CPM10V, clad to low-carbon steel for segmented 
screws used in plastic extrusion barrels 


Polymeric Materials 


Polymers can be coated with metal, ceramic, or composites to produce 
wear- and corrosion-resistant surfaces. Polymer surfaces can be modified 
by various techniques, including the following. 
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Metallization by a Resistance-Heated Metal. A polymer with an alu- 
minum metal coating of 50 to 100 A thick is used in the food-packaging 
industry, especially for packaging milk and aerated water. 

Sputtering The light-reflecting surface of acrylonitrile-butadiene- 
styrene lamp bodies is coated with aluminum by sputtering. The vapor- 
deposition process is used to coat DLCs on polymer. 

lon implantation causes extensive cross linking at the surface, leading 
to higher molecular weight and entanglement density. High molecular 
weight and entanglement density improve the wear properties of polymer. 

Thermal Spraying. Using HVOF, a metallized acrylonitrile-butadiene- 
styrene surface was coated with 30 um (1 to 2 mils) of WC-Co (Ref 
3.106). The metallized surface provided the bonding layer between the 
WC-Co and the polymer. 

Plasma Polymerization (Ref 3.5, 3.14). The process of depositing 
thin (<2 um), pinhole-free polymeric film onto a wide range of metals, 
polymers, and carbon fiber is known as plasma polymerization. The 
plasma-assisted polymerization process is gaining popularity as a method 
for formation of a thin coating of a new kind of polymeric materials. The 
material constituting the coating is different from either conventional or- 
ganic polymers or inorganic materials. Plasma polymerization and co- 
polymerization are done on metallic or polymeric materials to form a thin, 
wear- and corrosion-resistant coating. The process used is termed a plasma- 
assisted chemical vapor-deposition (CVD) process. Plasma-enhanced CVD 
is a low-pressure, low-temperature (near room-temperature), plasma- 
assisted surface-modification technique for surface modification of poly- 
mers. In addition to surface modification, the process is used to form 
high-hardness ceramic coatings on polymeric surfaces. This low-pressure 
gas plasma technique is extremely efficient for surface chemical modifica- 
tion of polymers. These coatings are highly cross linked and chemically 
inert to most common acids and alkalis and have excellent barrier proper- 
ties to most gases and vapors. Also, accurate control of surface properties 
is possible. For example, it is possible to control: 


* Surface energy from 16 to 64 ergs/cm?, to make the surface highly 
hydrophobic or hydrophilic 

* Coefficient of friction, from as low as 0.05 to 0.3 

e Cross-link density, which governs the hardness and flexibility of the 
coating 


Polymer Coatings on Metallic Substrate 


Thermoplastic and thermosetting resin powders are applied to a clean 
metallic substrate by flame or plasma spraying or electrostatic spraying 
and heating in a fluidized bed. Oxyfuel guns for thermal spraying of poly- 
meric materials are available with propane as the fuel. 
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Examples of polymeric coatings include: 


e Fusion-bonded epoxy is used as a corrosion-resistant coating on pipe- 
lines and reinforcing bars. 

e Polytetrafluoroethylene is used as a self-lubricating, strong coating on 
bearings. 

° Polymeric composites, such as MCrAlY + polymer + releasing agent 
(for use up to 700 °C, or 1290 °F) or YSZ + polymer + releasing agent 
(for use up to 1200 °C, or 2190 °F), as the abradable coating in a 
shroud reduce the clearance between blade tips and the shroud, thus 
improving energy efficiency (Ref 3.14). 

° Softer polymer coatings (polyethylene, polypropylene, and polybu- 
tane) show low wear in erosion (Ref 3.5). 


Ceramic and Superhard High-Performance Coatings 


Stable ceramic materials with high fusion temperatures need high- 
energy beams, such as plasma, ion, and laser, for surface modification. 
Ceramic surfaces can resist heat, wear, and corrosion. 

Ceramic Surface Modifications. The process used to modify ceramic 
surfaces includes high-energy sources such as plasma, laser, and concen- 
trated solar beams (Table 3.20) (Ref 3.5, 3.14). Vapor-phase deposition of 
hard ceramic oxides, carbides, nitrides, and DLC on tungsten carbide 
tools enhances the wear properties in modern automated high-speed cut- 
ting operations. The solid lubricant coating MoS, reduces the friction co- 
efficient to a very low level of 0.1. 

Selected ceramic coating materials and processes are listed in Table 
3.21. A large number of high-hardness ceramic compounds are formed in 
different binary or ternary systems of four components: carbon, boron, 
nitrogen, and titanium. Examples of binaries include titanium-nitrogen 


Table 3.20 Ceramic surface modification 


Process Modification Applications 
Plasma spraying Y,O, coating on ceramic High-temperature protection against molten 
metal and fluxes 
Physical vapor deposition Diamond-like carbon on carbide Reduce friction and improve cutting in 
cutting tools advanced Al alloys and metal-matrix 
MoS, coating on silicon nitride ball composites 
bearing Reduce friction below 0.1 
Ion implantation Ti or Y on alumina Improve abrasive wear at onset of 
amorphization and friction after 
amorphization 
Laser treatment 
Laser glazing To seal the surface pores and cracks Improve frictional wear resistance 
Pulsed laser ablation High-flux atomic nitrogen on graphite Hardness of nitride similar to or higher than 
to form B-C,N, on Si or Ni surface diamond 
Laser alloying Ti alloyed to ZrO, surface Ti-rich layer behaves as a solid lubricant and 
improves friction 
Solar beam fusion Fusion of sprayed ceramic deposit Dense, pore-free deposit 


Improve corrosion resistance 


Source: Ref 3.5 
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Table 3.21 Selected ceramic coating materials, processes, and applications 


Techniques Coating Typical applications 

Thermal spray Ceramic oxides (Al,O;, TiO,, ZrO,, Cr,O3), Mechanical seals, gas turbines, 
Flame spray carbides (WC-Co), nitrides textile thread guides, automotive 
High-velocity oxyfuel engines, marine engines 


Plasma spray 
Chemical vapor deposition Carbides, nitrides, borides, diamond/diamond- Dies, tools, drills, slurry pumps 


like carbon 

Physical vapor deposition Carbides, nitrides, borides, diamond/diamond- Dies, tools, drills, slurry pumps 
like carbon 

Spark deposition WC-Co Tools and dies 


Source: Ref 3.5 


(e.g., TiN), titanium-carbon (e.g., TiC), titanium-boron (e.g., Ti,B), boron- 
nitrogen (e.g., cubic BN), and carbon-nitrogen (B-C,N,). An example of 
ternary hard phase is TiCN (Ref 3.5, 3.14). The coating materials and 
processes are discussed in the preceding section of this chapter. 

Superhard Material. Materials with hardness of approximately 
40 GPa and above are considered superhard materials. Because hardness 
is the index of wear-resistant properties of materials, the use of superhard 
materials and coatings leads to significant improvement in reducing en- 
ergy loss due to wear and friction. The superhard materials—diamond, 
cubic boron nitride, beta-carbonitride, titanium diboride, plus a recently 
found composite of aluminum-magnesium boride—need special mention 
due to their high potential in minimizing wear, friction, use of lubrication, 
and energy consumption. 

Diamond and DLC. The properties and applications of diamond coating 
are discussed in the section on vapor-phase coating in this chapter. Except 
for diamond, the potentials for minimizing wear and friction of coatings 
from other superhard materials are yet to be realized. However, diamond- 
coated tools cannot be used for machining steels and cast iron, which con- 
stitute the bulk of engineering materials. The development of alternative 
superhard coating material for machining ferrous materials saves huge 
quantities of energy with vastly improved tool life cycles. 

The DLC-coated hard WC produces extremely wear-resistant material. 
However, the low friction coefficient value is not stable in a hydrogenated 
coating. On the other hand, GLC-coated hard WC has an extremely low 
wear rate and low friction. For GLC, an intermediate hard carbide or ni- 
tride layer is essential to produce a surface with low wear rate. 

Cubic Boron Nitride. Both cubic boron nitride (CBN) and hexagonal 
boron nitride (HBN) have similar properties to cubic diamond (sp? hy- 
bridization) and hexagonal graphite (sp’). The boron nitrides are synthe- 
sized. A thin film of CBN is synthesized by ion beam extracted from 
borazine plasma. X-ray diffraction shows CBN and the absence of HBN 
(Ref 3.107). 

Uhlmann et al. coated tungsten carbide cutting inserts with CBN coat- 
ing, using an intermediate adhesive layer of titanium on the substrate. The 


Chapter 3: Green Surface Engineering / 181 


properties of CBN on silicon and WC tool and that of TiN coating are 
shown in Table 3.22. The results confirm the outstanding properties of 
CBN coating. The high hardness in combination with low abrasion wear 
rates and friction coefficient show the immense potential of CBN as a 
superhard, wear-resistant coating material for tools and other wear parts. 
Also, CBN coating roughness in terms of R, is one-thirtieth of PVD TiAIN 
and CVD TiCN coatings. 

Future developments require an increase in the CBN ratio in the com- 
plete layer and the enhancement of film adhesion to the substrate. 

Carbon Nitride (B-C,N,). The hardness of B-C,N, is similar to that of 
diamond. The amorphous carbonitride film, although softer than diamond, 
still exhibits excellent tribological properties, especially when used as a 
protective coating on computer hard discs (Ref 3.108). The PVD and 
CVD methods, including laser ablation and ion implantation, have mostly 
produced a carbonitride coating with low nitrogen content of 20 to 40%, 
with a significant percentage of carbon in the sp? state, which is character- 
istic of B-C,N,. However, the hardness of such a coating remains at the 25 
to 30 GPa level (Ref 3.109). 

The crystalline B-C,N, composites using TiN and ZrN as seeding crys- 
tals are produced by magnetron sputtering near room temperature on sili- 
con and steel substrate. The hardness of the composites is 50 GPa, which 
corresponds to the hardness at the lower end of diamond (Ref 3.109). 

However, crystalline B-C,N, produced by laser ablation has a hardness 
similar to diamond (Ref 3.110). 

Methods for Producing B-C,N,. Laser ablation is the process for remov- 
ing material from a solid (or occasionally liquid) surface by irradiating it 
with a laser beam. At low laser flux, the material is heated by the absorbed 
laser energy and evaporates or sublimates. At high laser flux, the material 
is typically converted to a plasma. 

A variation of this type of application is to use laser ablation to create 
coatings by ablating the coating material from a source and letting it de- 
posit on the surface to be coated; this is a special type of PVD called 
pulsed laser deposition, and it can create coatings from materials that can- 
not readily be evaporated any other way (Ref 3.111). Pulsed laser deposi- 
tion forms a continuous film but not as dense as those deposited by other 


Table 3.22 Mechanical properties of cubic boron nitride (CBN) 
coatings on silicon and tools compared with TiN coating 


Properties CBN on silicon CBN on tools TiN 
Hardness, GPa 55-65 55-60 20-25 
HV/HV 5 6 5800 5100 2600 
Elastic modulus, GPa 500-550 500-550 250-260 
Abrasive wear facing, m?- m! - N! x 107! 0.4 0.6 0.7 
Friction coefficient against steel 0.4 0.4 0.7 


Maximum CBN coating thickness obtained, ymm 2.5 0.8 


Source: Ref 3.107 
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techniques, such as magnetron sputtering, that deposit coatings atom by 
atom. Of all the thermal methods of PVD that try to produce B-C,N,, 
pulsed laser ablation (PLA) is the most favorable process. A recent unique 
method of manufacturing crystalline C,N, is via laser ablation of a graph- 
ite target submerged in aqueous ammonium solution. It is proven that the 
liquid-phase PLA process using graphite in ammonia solution leads to 
crystalline B-CN, formation and thus is an appropriate method for pro- 
ducing the superhard material (Ref 3.110). 

Tribological Properties of B-C,N,. Carbon nitride thin films may be- 
come good competitors for DLC, due to their high hardness, high wear 
resistance, and low friction coefficient. At present, there are only a few 
studies on the effect of CN, coating hardness and internal stress on its 
tribological properties, such as coating life and frictional behavior. Fric- 
tion coefficients in the range of 0.10 to 0.12 are observed for the best CN, 
coatings sliding against silicon nitride under ambient conditions. A non- 
linear correlation between coating life and its internal stress and hardness 
is found (Ref 3.112). 

Titanium boride (TiB,), with a hardness of 33 GPa, Young’s modulus of 
480 GPa, melting point of 2980 °C, and corrosion resistance up to 1400, 
is a good ceramic material for use in cutting tools and wear parts. How- 
ever, brittle TiB, requires multilayer coatings of alternating layers of dif- 
ferent materials (e.g., carbon in sp* and sp? hybridization) to limit crack 
propagation (Ref 3.113). 

A TiB,/C coating of alternating film growth to 5 um thickness by mag- 
netron sputtering has 50 to 90% TiB, content. The hardness of 50 and 95% 
TiB, coats are 5 and 17 GPa, respectively (Ref 3.113). Pfohl et al. used the 
plasma-assisted CVD technique to obtain a TiB, coating of hardness 33 
GPa (Ref 3.114). Agarwal and Dahotre (Ref 3.115) found the friction co- 
efficient of TiB, coating to be 0.6 to 0.7. 

Aluminum-Magnesium Boride (AIMgB,,) Composite with Titanium Bo- 
ride (AIMgB,, + TiB,) (Ref 3.16, 3.116 -3.118). A composite of aluminum, 
magnesium, and boron (AlMgB,,), known as BAM, was discovered at the 
U.S. Department of Energy Ames Laboratory in Iowa in the 1990s. Recent 
studies (Ref 3.116) indicate that the nanoscale AIMgB,, has an unprece- 
dented resistance to wear, suggesting a new paradigm for degradation- 
resistant materials. In comparison to a wide range of current-generation 
hard and ultrahard materials, these boride composites show superior 
abrasive, adhesive, and erosive wear resistance under severe conditions 
(Ref 3.16). 

The BAM coating of micrometer thickness is produced on steel sub- 
strate by pulsed laser deposition or magnetron sputtering. 

Chemical Composition of BAM. Aluminum-magnesium boride is a chem- 
ical compound of aluminum, magnesium, and boron with the nominal for- 
mula AlMgB,,, while the chemical composition is closer to Al, -;Mgp 75B,4- 
BAM itself is marginally below the superhard category. The superhard 
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ceramic alloy is created by combining BAM (AlMgB,,) with titanium 
boride (TiB,). 

Hardness of BAM. The hardness and friction coefficient values of se- 
lected superhard materials are listed in Table 3.23. BAM plus titanium 
boride is the hardest material after diamond and CBN. 

The microhardness of BAM powders is 32 to 35 GPa. It can be in- 
creased to 45-50 GPa upon combining BAM with TiB, or by depositing a 
quasi-amorphous BAM film. Addition of AIN or TiC to BAM reduces its 
hardness. By definition, a hardness value exceeding 40 GPa makes BAM 
plus TiB, a superhard material. In the BAM-TiB, composite, the maxi- 
mum hardness and toughness are achieved at ~60 vol% of TiB, (Ref 3.117). 
The wear rate is improved by increasing the TiB, content to 70 to 80% at 
the expense of ~10% hardness loss (Ref 3.118). 

Thermal Expansion Coefficient of BAM (Ref 3.118). The thermal expan- 
sion coefficient for AIMgB,, is measured as 9 - 10 K~!, which compares 
well with that of steel (11.7 - 10° K~'), titanium (8.6 - 10° K"!), and 
concrete (10 to 13 - 10°° K!). 

Friction of BAM. The friction coefficient values of BAM and other su- 
perhard materials are listed in Table 3.23. The BAM plus TiB. composite 
has a very low friction coefficient value of 0.04 to 0.05 (0.05 for synthetic 
fluorine-containing resin) in dry scratching with a diamond tip, and it de- 
creases to 0.02 in water-glycol-based lubricants (Ref 3.116). Both dia- 
mond and GLC coatings have lower ranges of friction coefficient than the 
BAM plus TiB, composite. However, the friction coefficient is not an in- 
herent property of a material but rather a system property. 

The friction coefficient of BAM can be as low as 0.02, which is much 
lower than synthetic fluorine-containing resin or DLC, with a coefficient 
friction of 0.05. Lubricated steel has a friction coefficient of 0.16. Hence, 
BAM, with the lowest coefficient of friction, is considered an eternal lu- 
bricant, that is, a coating for moving parts to enhance energy efficiency 
and longevity by reducing friction. A thin nanocoating of BAM on a me- 
tallic substrate can eliminate the use of lubricants and result in negligible 
energy loss due to friction. Eliminating the use of lubricating oil is one of 
the major objectives in green tribology and surface engineering. 


Table 3.23 Properties of selected superhard and hard coatings 


Coefficient 


Material(a) Hardness, GPa of friction 
Carbon (diamond), diamond-like carbon 70 0.05-0.20 
Diamond (tetrahedral amorphous carbon) (CVD) 90 0.01-0.05 
B-CN, Hardness similar to or higher than diamond 0.10-0.12 
Cubic boron nitride on tools 55-60 0.4 
AlMgB,, + TiB, 45-50 0.02-0.05 
AlMgB,, 32-35 ade 
TiB, 30-33 0.6-0.7 
WC (CVD) 23-30 0.2-0.3 


CVD, chemical vapor deposition 
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Low Wear and Friction Mechanism of BAM. BAM has a complex, un- 
symmetrical structure with gaps in the lattice, unlike the simple, regular, 
and symmetrical structure in superhard materials, such as diamond. Hence, 
the low wear and friction behavior of BAM does not conform to any 
known mechanism. 

Applications of BAM. The development of improved, wear-resistant 
materials and coatings was expected to benefit a wide range of industries, 
ranging from petrochemical to mining and metal casting. BAM is an ultra- 
hard material that is much cheaper than diamond or CBN. 

A thin (2 um) coating of BAM on the rotor blades of pumps reduces 
friction between the blade and housing, resulting in less power consump- 
tion while doing the same work. Bruce Cook, lead investigator of the 
Ames Laboratory project, estimates that merely coating rotors with the 
material could save U.S. industry alone 330 trillion kilojoules (9 billion 
kilowatt hours) every year by 2030—approximately $179 million a year 
(Ref 3.116). 

BAM is also potentially attractive as a hard coating for drill bits and 
other cutting tools for use in drilling and machining operations of steel 
and cast iron materials, where diamond coating cannot be used. The re- 
duction in friction would reduce energy use. The reduced friction would 
lessen the force necessary to cut an object, extend tool life, and possibly 
permit increased cutting speeds. Coatings only 2 to 3 um thick have been 
found to improve efficiency and reduce wear in cutting tools. Tough nano- 
coatings boost industrial energy efficiency. 

Research on complex ceramic composites based on AIMgB,, reveals 
that these materials possess extreme resistance to abrasive and erosive 
wear (Ref 3.117, 3.118). When optimized for microstructure and composi- 
tion, the resistance to wear of these materials surpasses cemented carbide, 
diamond, and CBN, placing them among the most wear-resistant materi- 
als ever developed. Incorporation of these degradation-resistant materials 
into the most energy-intensive industries is expected to conserve sig- 
nificant amounts of energy (e.g., metal casting, 2 to 3 TBtu/year; forest 
products, 1.0 TBtu/year; mining, 6 to 7 TBtu/year), thereby decreasing 
dependence on nondomestic sources of fossil-fuel-based energy (Ref 
3.116). Green surface-engineering efforts can lead to substantial reduction 
in anthropogenic emissions. 


Summary 


Wear occurs on the surface of materials. Surface properties responsible 
for wear and friction include surface morphology (roughness and micro- 
structure), residual stress, composition, and hardness. These properties are 
modified to minimize wear and friction by surface-engineering processes. 
Green surface-engineering processes include mechanical processing, elec- 
trochemical and electroless plating, and chemical and thermal techniques. 
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Mechanical Processes. Finishing operations should produce a speci- 
fied surface roughness. A surface roughness of a slightly higher order than 
that specified may lead to an increase in friction and wear, while a smooth 
surface is a poor reservoir of lubricant and may cause scuffing. The com- 
pressive residual stress in the surface layer increases the fatigue life of a 
peened component. 

Laser peening produces residual stress at greater depth without signifi- 
cant change in surface roughness. Also, surface texturing by laser reduces 
wear and friction. 

Electrochemical Processes. Hard chrome plating, a popular surface 
engineering, is fast losing ground to alternative environmentally-friendly 
processes, due to stricter enforcement of environmental regulations. High- 
hardness hard chrome coating (thickness of 0.10 mm, or 4 mils) is resis- 
tant to scoring, seizing, and galling. 

Electroless nickel-phosphorus coating has been used for codeposition 
of polytetrafluoroethylene copolymer, diamond particles, SiC, and Al,O,, 
with excellent abrasive and adhesive properties. 

Thermal Processes. Advanced thermally assisted surface-engineering 
processes include vapor-phase deposition, diffusion, thermal spraying, 
and weld surfacing. Metals, ceramics, plastics, and composites are used as 
coating materials on similar or dissimilar substrates. 

Four main thermal processes include: 


e Vapor-phase deposition processes: The vapor-phase deposition pro- 
cess using plasma, electron, ion, or laser beam as a heat source is used 
for producing a thin coating of hard and superhard carbides, nitrides, 
borides, DLC, GLC, CBN, and so on. The PLA process is used to de- 
posit superhard materials, such as B-carbonitride and CBN. The unbal- 
anced magnetron sputtering process is used to produce low-friction 
coatings of GLC. 

e Diffusion processes: Thermal diffusion of interstitial (carbon, nitro- 
gen, boron) and/or substitute (aluminum, chromium) elements in a 
component results in the formation of a wear-resistant surface layer. A 
diffused layer with aluminum and chromium resists high-temperature 
corrosion. Carburized, nitrided, and borided case resists subsurface 
fatigue failure in ball bearings, gears, and other machine elements. The 
newer processing techniques include plasma nitriding and carburizing, 
paraequilibrium diffusion with plasma nitriding (for nitriding aus- 
tenitic stainless steels), and thermoreactive diffusion (formation of 
vanadium carbide on the surface by diffusion of vanadium on the car- 
burized surface). 

° Thermal spraying: In thermal spray coating, materials are sprayed 
through a flame and/or high-velocity jet onto a prepared substrate sur- 
face. The sprayed material forms a coating on the substrate through 
adhesive bonding. Metal, polymer, ceramic, or composite can be 
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sprayed on similar or dissimilar material. The process covers a wide 
range of applications, including thermal barrier coatings (ZrO,), 
corrosion-resistant coatings (aluminum, zinc, epoxy), erosion/abra- 
sion resistance (WC-Co), or antifriction (aluminum bronze). The 
newer innovative processes, such as HVOF and cold spraying, make 
use of extremely high velocity to create a pore-free deposit with supe- 
rior bonding. The thermal spray deposits can be fused to reduce poros- 
ity and improve bonding to substrate. A series of self-fluxing alloys are 
developed and used in various applications as spray-fused deposits. 

e Weld surfacing: Both solid-state and fusion weld surfacing processes 
are used. The bulk of the alloys used include iron-base (stainless, tool, 
and Hadfield steels; white cast iron), nickel-base (Inconel, Hastelloy, 
Nimonics), cobalt-base (Stellites), and copper-base (aluminum bronze). 
Some major applications are crusher mantles and hammers, con- 
tinuous casting rolls, bar forging hammers, forging dies, railway 
crossings, and engine and process-control valves. Development of 
low-dilution and heat-affected zone fusion welding processes include 
PTA using powder consumables and laser welding. Spark welding is 
another process that has been used extensively in surfacing machine 
tools with thin, wear-resistant coatings of hard carbides and other 
materials. 


The diffusion process involves modification of the original surface 
layer of the component. Other processes are based on techniques to pro- 
duce wear-resistant coatings. Selection of the surface-modification pro- 
cess and coating material is based on the application needs in a given wear 
environment. The appropriate choice of surfacing process and coating ma- 
terial has resulted in reduction in wear, frictional energy loss, and use of 
lubricant in a large number of industrial applications. 

Recent research programs on superhard coating materials, such as DLC, 
GLC, and BAM, and the innovative surface-engineering processes that 
are being developed are expected to significantly minimize wear, friction, 
and the need for lubrication in major applications. 


REFERENCES 


3.1 Green Tribology and Surface Engineering, U.K.-China Collabora- 
tion Group’s Joint Meeting and Conference (London), June 2009 

3.2 Surface Modification Technologies for Green Tribology, The Japan 
Society of Mechanical Engineer (JSME) special issue, Nov 2009 

3.3 J. Alison, M.F. Strand, and M. Wilman, Paper 10,Third Annual Con- 
vention of Lubrication and Wear Group, Inst. of Mechanical Engi- 
neers, U.K., May 1960 

3.4 J. Alison and H. Wilman, Br. J. Appl. Phys., Vol 15, 1964, p 281- 
289 


Chapter 3: Green Surface Engineering / 187 


3.5 R. Chattopadhyay, Surface Wear: Analysis, Treatment, and Preven- 
tion, ASM International, 2001 

3.6 W.J. Petch, Proc. Fracture Conf., April 1959 (Swamscott, MA), 
p54 

3.7 E. Robinowicz, Friction and Wear of Materials, Wiley, 1965 

3.8 P.J. Blau, Ph.D. thesis, The Ohio State University, 1979 

3.9 C. Kajdas, M.J. Furey, A.L. Ritter, and G.J. Molina, “Triboemission 
as a Basic Part of the Boundary Friction Regime: A Review,” http:// 
www.tribologia.org/ptt/kaj/kaj05.htm 

3.10 T.R. Thomas, Ed., Rough Surfaces, Longman Group, U.K., 1982 

3.11 P.H. Dawson, J. Mech. Eng. Sci., Vol 4, 1982, p 16-21 

3.12 J.A. Broadston, Section13, Mark’s Standard Handbook for Mechan- 
ical Engineers, 8th ed., McGraw-Hill, 1987, p 73-79 

3.13 R. Chattopadhyay, Microstructural Science, Vol 12, ASM Interna- 
tional, 1985, p 487-494 

3.14 R. Chattopadhyay, Advanced Thermally Assisted Surface Engineer- 
ing Processes, Kluwer Academic Publishing (now Springer), New 
York, 2004 

3.15 “Crosscutting Industrial Applications of a New Class of Ultrahard 
Borides,” Energy Efficiency and Renewable Energy, Industrial 
Technologies Program, U.S. Department of Energy, Nov 2007, http: 
//www 1.eere.energy.gov/industry/imf/pdfs/1789_ultrahard_borides. 
pdf 

3.16 K. Kleiner, New Sci., Nov 21, 2008 

3.17 J.R. Davis, Surface Engineering for Corrosion and Wear Resis- 
tance, ASM International, 2001 

3.18 “Laser Technology Prevents Frictional Losses and Wear of Materi- 
als,” Federal Ministry of Economics and Technology bulletin, Saar- 
land University, VDI/VDE Innovation u. Technik GmbH, 2010, 
http://www.merid.org/Content/News_Services/Nanotechnology_and 
_Development_News/Articles/2010/10/28/Laser_Technology_Pre 
vents_Frictional_Losses_and_Wear_of_Materials.aspx 

3.19 F. Eley, “Some Railway Applications,” Symp. on Choosing the 
Right Engineering Surface, June 7, 1989 (London), The Welding 
Institute, Abington, Cambridge, U.K. 

3.20 J. Qu et al., J. Mater. Process. Technol., Vol 166, 2005, p 440-448 

3.21 C.A. Bergman et al., Proc. Int. Conf. on Wear of Materials, Vol 1, 
April 5-9, 1987 (Houston, TX), p 33-37 

3.22 B. Kaiser, Wire, Vol 41 (No. 6), 1991, p 501-511 

3.23 G. Hammersley, Laser Shot Peening, Mater. World, May 1999, 
p 281-282 

3.24 V. Gologan and T.S. Eyre, Friction and Wear of Some Engineering 
Materials against Hard Chromium Plating, Source Book on Wear 
Control Technology, American Society for Metals, 1978, p 339- 
347 


188 / Green Tribology, Green Surface Engineering, and Global Warming 


3.25 


3.26 


3.27 


3.28 


3.29 


3.30 


3.31 


3.32 


3.33 
3.34 


3.35 


3.36 


3.37 


3.38 
3.39 


3.40 
3.41 


3.42 


3.43 


3.44 


Selective Plating without Water Tank for Repair and Maintenance, 
Asia Pacific Metalworking Equipment News, Feb 1990, p 44-48 
H.J. Wood et al., “Claddings and Coatings for Utility Gas Turbines,” 
Final report 1460-1, Palo Alto, CA, Nov 1983 

Federal Mogul, http://www.federalmogul.com/korihandbook/en/ 
section_51.htm#1258 

R.W. Jones, Fundamental Principles of Sol-Gel Technology, The In- 
stitute of Metals, London, 1989 

T.I. Rees, “Surface Modification to Enhance Performance,” Symp. 
on Choosing the Right Engineering Surface, June 7, 1989 (London), 
The Welding Institute, Abington, Cambridge, U.K. 

E. Langscheider and C. Herbst-Dedrichs, Proc. Euro PM ‘99, Ad- 
vances in Hard Material Production (Shrewsbury, U.K.), EPMA, 
1999 

O. Knotek et al., Met. Powder Rev., Vol 39, 1864, p 406 

L.A. Dobrzanski et al., J. Achiev. Mater. Manuf., Vol 18, 2006, 
p 75-78 

A. Bloyce, Mater. World, Vol 3, 2000, p 13-14 

R.F. Bunshah, Ed., Handbook of Deposition Technologies for Films 
and Coatings, 2nd ed., Noyes Publications, Park Ridge, NJ, 1994 
J.H. Wood and E.H. Goldman, Protective Coatings, Superalloys II: 
High Temperature Materials for Aerospace and Industrial Power, 
C.T. Sims et al., Ed., John Wiley & Sons, 1987, p 359-385 

O. Altun and Y.E. Boke, Effect of the Microstructure of EB-PVD 
Thermal Barrier Coatings on the Thermal Conductivity and the 
Methods to Reduce the Thermal Conductivity, Arch. Mater. Sci. 
Eng., Vol 40 (No. 1), World Academy of Materials and Manufactur- 
ing Engineering, Nov 2009, p 47-62 

N.P. Padture, M. Gell, and E.H. Jordan, Thermal Barrier Coatings 
for Gas-Turbine Engine Applications, Science, Vol 296 (No. 5566), 
2002, p 280-284 

D.T. Quinto, G.J. Wolfe, and P.C. Jindal, Thin Solid Films, Vol 153, 
1987, p 19-36 

J.E. Sundgren, Thin Solid Films, Vol 128, 1985, p 21 

J. Singh, Adv. Mater. Process., Vol 12, 1996, p 27-28 

C.-A. Manier, “Slip-Rolling Resistance of Novel Zr(C,N) Thin Film 
Coatings under High Hertzian Contact Pressures,” Berlin, 2010, 
http://www.bam.de/de/service/publikationen/publikationen_medien 
/dissertationen/diss_60_vt.pdf 

S.C. Tung, Proc. Int. Conf. on Wear of Materials, Part B, April 13- 
16, 1993 (San Francisco, CA), Elsevier, p 763—771 

F.P. Bowden and D. Tabor, The Friction and Lubrication of Solids, 
Part 1, Oxford University Press, London, 1964 

U. Buran et al., Paper 8512-023, Proc. Int. Conf. on Surface Modifi- 
cation and Coatings, Oct 1985 (Toronto, Canada) 


Chapter 3: Green Surface Engineering / 189 


3.45 H.Lammermann and G. Kienel, Adv. Mater. Process., Vol 12, 1991, 
p 16-23 

3.46 X. Zheng, D.G. Cahil, and J.-C. Zhao, Thermal Conductivity Imag- 
ing of Thermal Barrier Coatings, Adv. Eng. Mater., Vol 7, 2005, 
p 622-629 

3.47 D.H. Boone, Conf. Materials Coating Techniques (Neuilly-sur- 
Seine, France), AGARD, 1980 

3.48 B. Haywood, Adv. Mater. Process., Vol 64, 1979, p 177—190 

3.49 Y. Okada et al., Development of New CVD-Coating ‘Super FF Coat’ 
and Its Application to Cutting Tools, SEI Tech. Rev., No. 64, Sumi- 
tomo Electric Hardmetal Corporation, April 2007, p 68-73 

3.50 D. Garg and P.N. Dyer, Erosive Wear Behavior of Chemical Vapor 
Deposited Multilayer Tungsten Carbide Coating, Proc. Conf. on Wear 
of Materials, Part A, K.C. Ludema et al., Ed., April 13-16, 1993 
(San Francisco, CA), Elsevier Sequoia S.A., Laussane, p 552-557 

3.51 W.A. Gibeaut and E.S. Bartlett, in Coatings of High-Temperature 
Materials, Part 2, H. Hansner, Ed., Plenum, New York, 1966, p 101 

3.52 J.E. Newhart, “Evaluating and Controlling Erosion in Aircraft Tur- 
bine Engine,” Naval Air Propulsion Test Centre, Trenton, 1983 

3.53 J.D. Schell and K.P. Taylor, “Sputter Coating Processes for Com- 
pressor Airfoils,” Technical Report NADC-86144-60, General Elec- 
tric Company, Sept 1986 

3.54 B. Krzan et al., Tribological Behavior of Tungsten-Doped DLC 
Coating under Oil Lubrication, Tribol. Int., Vol 42 (No. 2), 2009, 
p 229 

3.55 A.A. Evtukh et al., Silicon Doped Diamond-Like Carbon Films as a 
Coating for Improvement of Electron Field Emission, Proceedings 
of the 14th International Vacuum Microelectronics Conference, 
2001, p 295-296 

3.56 S. Tung et al., Mater. Sci. Eng., Vol 25, 1999, p 123-154 

3.57 “DLC Coatings—Diamond-Like Carbon,” Richter Precision Inc., 
East Petersburg, PA, http://www.richterprecision.com/dlc-coatings. 
html 

3.58 H. Bhaskaran, Ultralow Nanoscale Wear through Atom-by-Atom 
Attrition in Si-Containing Diamond-Like Carbon, Nature Nano- 
technol., Jan 31, 2010, online issue 

3.59 K. Mao et al., Surf. Eng., Vol 10, 1994, p 297—306 

3.60 W. Wu et al., Deposition and Microstructural Characterization of 
GLC Coatings on AZ31 Magnesium Alloy, Plasma Process. Polym., 
Vol 6, 2009, p 473-477; Wiley-VCH Verlag GmbH & Co, KGaA, 
Weinhelm, online pdf file 

3.61 Y. Wang etal., Improvement in Tribological Performances of Si3N4, 
SiC and WC by Graphite-Like Carbon Films under Dry and Water 
Lubricated Sliding Conditions, Surf. Coat. Technol., Vol 205 (No. 
8-9), Elsevier, Jan 25, 2011, p 2770-2771 


190 / Green Tribology, Green Surface Engineering, and Global Warming 


3.62 


3.63 
3.64 
3.65 


3.66 


3.67 


3.68 


3.69 


3.70 


3.72 
3.73 


3.74 


I.L. Singer and R.A. Jeffries, in Ion Implantation and Ion Beam Pro- 
cessing of Materials, G.K. Hubler et al., Ed., North-Holland, New 
York, 1984, p 667-672 

N.E.W. Hartley, Thin Solid Films, Vol 64, 1979, p 177—190 

B. Holtkam, Adv. Mater. Process., Vol 12, 1993, p 45—47 

G. Herranz and G.P. Rodriguez, Uses of Concentrated Solar Energy 
in Materials Science, Solar Energy, InTech Open Science, http:// 
www.intechopen.com/books/solar-energy/uses-of-concentrated-solar 
-energy-in-materials-science 

T.I. Rees, “Surface Modification to Enhance Performance,” Symp. 
on Choosing the Right Engineering Surface, June 7, 1989 (London), 
TWI, Abington, Cambridge, U.K. 

J.R. Mancuso et al., “The Evolution of Gear Spindle,” Proc. of DET 
C2000, 2000 ASME, Sept 10-13, 2000 (Baltimore, MD) 

N.R. Tailleart et al., Interstitial Hardening with Nitrogen for 
Improved Corrosion Resistance, Adv. Mater. Process., Feb 2013, 
p 20-23 

G.M. Michal et al., Carbon Supersaturation due to Para Equilibrium 
Carburization: Stainless Steels with Greatly Improved Mechanical 
Properties, Acta Mater., Vol 54 (No. 6), 2006, p 1597—1606 

F.J. Martin et al., Electrochem. Solid State. Lett., Vol 10 (No. 12), 
2007, p C76-C78 

“Ultra-Fast Boriding for Improved Energy Efficiency and Reduced 
Emissions in Materials Processing Industries,” Final Report, Energy 
Systems Division, Argonne National Laboratory, U.S. Department 
of Energy, Dec 2012, http://www.ipd.anl.gov/anlpubs/2012/11/744 
84.pdf 

J. Cataldo et al., Adv. Mater. Process., April 2000, p 35-38 

P.C. King et al., Proc. 22nd Heat Treatment Soc. Conf., Sept 15-17, 
2003 (Indianapolis, IN), p 467—475 

K. Akimoto, The Tyoto Diffusion Coating Process Lengthens Mould 
Life, Die and Mould Technology Int., June 1991, p 28-37 


3.75 B. Matijevic and M. Stupnisk, Novelty in Diffusion Coating Tech 


3.76 


3.77 


3.78 


3.79 


nology, Mater. Manuf. Process., Vol 24, Taylor and Francis Group, 
2009, p 889-893 

K.G. Budiniski, Proc. Int. Conf. on WOM, CA, Part B, Elsevier, 
April 13-16, 1993, p 757-762 

J.R. Nicholls and D.J. Stephenson, Met. Mater., March 1991, 
p 157-163 

A. Kempster, Handbook of Choosing the Right Engineering Sur- 
face, The Welding Institute, Cambridge, U.K., 1989 

R.C. Zowarka et al., Ninth EML Symposium, May 1998 (Edin- 
burgh, Scotland); IEEE Trans. Magn., Vol 35 (No. 1), Jan 1999, 
p 268-273 


Chapter 3: Green Surface Engineering / 191 


3.80 K.E. Schneider et al., Thermal Spray for Power Generation Com- 
ponents, Wiley-VCH Verlag GmbH & Co. KGaA, 2006 

3.81 M. Dvorak and J.A. Browning, ITSC ‘95 (Kobe, Japan) 

3.82 D. Harvey, “Improved Corrosion and Wear Resistant Coatings by 
Cold Spray,” PR13794, TWI, Aug 2008 

3.83 J. Karthekayan, “Cold Spray Technology: International Status and 
USA Efforts,” Dec 2004, http://www.asbindustries.com/documents 
/int_status_report.pdf 

3.84 J. Sturgeon, “Improved Corrosion Resistant Coatings Prepared 
Using a Modified Diamond Jet HVOF System,” ITSC Paper 171, 
March 2002 (Essen, Germany) 

3.85 T. Schmidt, F. Gartner, and H. Kreye, New Developments in Cold 
Spray Based on Higher Gas and Particle Temperatures, J. Therm. 
Spray Technol., Vol 15 (No. 4), 2006, p 488-494 

3.86 J. Nerz et al., J. Therm. Spray Technol., Vol 1 (No. 2), March 1992, 
p 161-170 

3.87 D.L. Houck and W. Whisenant, Conf. Proc. National Thermal 
Spray Conference, Sept 14-17, 1987 (Orlando, FL), ASM Interna- 
tional, p 55-61 

3.88 A. Verstak et al., Thermal Spray 2004, Advances in Technology and 
Application, ASM International 

3.89 Extreme Coatings, A Division of Surface Engineering and Alloy 
Company, St. Petersburg, FL, http://www.extremecoating.com 

3.90 J.M. Guilemany, United Thermal Spray Conference, UTSC ’99, 
DVS-Verlag, Dusseldorf, 1999, p 446—451 

3.91. A.J. Horlock et al., Mater. Sci. Eng. A, Vol 336, 2002, p 88-89 

3.92 S. Zimmermann, “Cold Spraying—From Powder to Application,” 
Seventh HVOF Colloquium, Nov 2006 (Erding, Germany) 

3.93 J. Kitamura et al., “Mechanical Properties of WC/Co Coatings Pre- 
pared by Cold Spraying,” ITSC Paper 54, June 2008 (Maastricht, 
The Netherlands) 

3.94 M. Abdul Samad, N. Satyanarayana, and S.K. Sinha, Tribology of 
UHMWPE Film on Air-Plasma Treated Tool Steel and Effect of 
PFPE Overcoat, Surf. Coat. Technol., Vol 204, 2010, p 1330-1338 

3.95 J. Muirhead, Gulf Constr. Mag., Vol 24 (No. 3), March 2002 

3.96 J.F. Stanley, Adv. Mater. Process., Vol 12, 1990, p 16-21 

3.97 G. Flamant and M. Balat-Pichelin, Elaboration and Testing of Ma- 
terials Using Concentrated Solar Energy, Solar Energy Conversion 
and Photoenergy Systems, Vol 1, http://www.eolss.net/sample- 
chapters/c08/e6-106-17.pdf 

3.98 J.L. Reynolds, Jr., Adv. Mater. Process., March 2003, p 35-37 

3.99 AWRI Note 4, Australian Research Association, 1979 

3.100 P. Crook, “Cobalt-Based Alloys,” Haynes International Inc. 

3.101 C.T. Sims, Superalloy II, 2nd ed., John Wiley & Sons, 1993 


192 / Green Tribology, Green Surface Engineering, and Global Warming 


3.102 


3.103 


3.104 
3.105 
3.106 


3.107 


3.108 


3.109 


3.110 
3.111 


3.112 
3.113 


3.114 


3.115 


3.116 


3.117 


3.118 


E.W. Betteridge and J. Heslop, The Nimonic Alloys, 3rd ed., Ed- 
ward Arnold, 1974 

R. Chattopadhyay and P.A. Kammer, Study of Dilution in High 
Alloy Overlays, Proc. of Third Int. Conf. on Int. Trends in Welding 
Science and Technology, June 1-5, 1992 (Gatlinburg, TN), ASM 
International, p 455—460 

R.H. Unger et al., Weld. J., Aug 2008, p 50-53 

Forecast Processes, Adv. Mater. Process., 2001, p 59 

B. Bouaife et al., Coatings for Wear Protection of Polymeric Sub- 
stances Deposited by High Velocity Oxy-Fuel Flame Spraying, 
Proc. Int. Thermal Spray Conf., High Temperature Soc. of Japan, 
Kobe, p 627—632 

E. Uhlmam et al., “CBN Coatings on Cutting Tools,” Technical 
University of Berlin, Institute for Machine Tools and Factory 
Management, http://www.iwf.tu-berlin.de/fileadmin/fg199/Hartspan- 
Projekt/NEWS/CBN_Coating.pdf 

A.G. Khurshdov and K. Kato, Surf. Coat. Technol., Vol 9, 1996, 
p 537-542 

B. Zhou and Y.W. Chung, Jr., J. Chin. Inst. Eng., Vol 21 (No. 6), 
1998, p 691-700 

L. Yang et al., Chem. Mater., Vol 18, 2006, p 5088 

R. Eason, Pulsed Laser Deposition of Thin Films: Applications- 
Led Growth of Functional Materials, Wiley-Interscience, 2006 

A. Khurshudov et al., Tribol. Lett., Vol 2 (No. 1), 1996, p 13-21 

J. Rao, Diam. Relat. Mater., Vol 13 (No. 11—12), Nov-Dec 2004, 
p 2221-2225 

C. Pfohl et al., Surf. Coat. Technol., Vol 131 (No. 1-3), Sept 2000, 
p 141-146 

A. Agarwal and N.B. Dahotre, Wear, Vol 240, 2000, p 144-151 

A. Ahmed, S. Bahadur, B. Cook, and J. Peters, Mechanical Proper- 
ties and Scratch Test Studies of New Ultra-Hard AIMgB,, Modi- 
fied by TiB,, Tribol. Int., Vol 39 (No. 2), 2006, p 129 

B.A. Cook et al., Enhanced Wear Resistance in AlMgB,,-TiB, 
Composites, Wear, Vol 271 (No. 5—6), 2010, p 640 

B.A. Cook et al., Scr. Mater., Vol 42 (No. 6), 2000, p 597—602 


Green Tribology, Green Surface Engineering, and Global Warming Copyright © 2014 ASM International® 


R. Chattopadhyay 


CHAPTER | 


All rights reserved 
asminternational.org 


Life-Cycle Assessment 


IN THE CONTEXT OF GLOBAL WARMING, life-cycle assessment 
of a product refers to the evaluation of the environmental performance, 
particularly with respect to energy, of the product during its tenure from 
“cradle to grave” (Ref 4.1). Cradle to grave of a metallic component in- 
cludes its energy performance in mining, mineral dressing, extraction pro- 
cesses, forming, finishing, use as a machine component, maintenance, 
reuse, transportation, and final disposal. The sum of energy performance 
data for each function after conversion to carbon equivalent values is the 
carbon footprint of the product. The reduction in carbon footprint (energy 
consumption) of the product leads to a corresponding decrease in carbon 
emission (Ref 4.1). 

However, in the present context, the term life cycle is the working life 
span of a product in a particular application. The product may be an inde- 
pendent component for a particular application, such as a cutting tool for 
machining steel or a wear-prone part of machinery and equipment, such as 
hydroturbine blades in Francis or Kaplan turbines, boiler tubes in a ther- 
mal power plant, frogs in railroads, or a precision gear with close dimen- 
sional tolerance. The progressive degradation of material in use limits its 
life span. The time-dependent progressive degradation processes include 
wear, friction, fatigue, creep, and fracture toughness. For a given material, 
the severity of the environment controls the rate and thus the life span. 
Surface engineering can improve the response to the severity of the wear 
environment, leading to extension of the working life (Ref 4.2). Surface 
engineering can extend the working life of critical equipment and machin- 
ery components by several fold in both the original equipment manufac- 
turing stage as well as in the maintenance and repair stage. 

Life-cycle extension of components or equipment not only improves 
the energy efficiency of the process but also reduces the need for produc- 
tion of new components or equipment (involving use of fresh material and 
energy), which would be required if the components or equipment were 
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scrapped several times. The requirement of fewer components drastically 
reduces material and energy needs in processes (mining, mineral dressing, 
extraction, forming, and finishing). Green surface engineering plays a sig- 
nificant role in the conservation of material, energy, and the environment. 
The benefits of green tribology combined with surface engineering to re- 
duce wear and friction are measured by machine efficiency, reduced power 
requirements, and longer running life. In this chapter, benefits are assessed 
in terms of longer running life. 


Comparative Life Cycle Using Archard’s Equation 


Archard’s equation is a basic technique that is used often for predicting 
and analyzing wear life (Ref 4.3). The equation predicts that wear volume 
is a linear function of sliding distance and load and is inversely propor- 
tional to the hardness of material, which conforms to the general experi- 
ence. Here, standard test results are used to evaluate comparative life 
spans of different materials in a given type of wear. For life-cycle assess- 
ment by standard wear tests, it is important to consider the following 
factors: 


e Identifying the predominant type of wear is a key factor for selection 
of standard wear tests. A great deal of experience is generally required 
to analyze the surface topography (Ref 4.4) created by wear and to 
determine if wear is being produced by a chance encounter or by re- 
curring contact. Although the different types of wear are classified on 
the basis of system envelope and counterbodies, there is no practical 
application where an ideal condition for a single type of wear or 
material-degradation process exists. Hence, it is necessary to properly 
diagnose the predominant type or types of wear and the actions needed 
to adopt a specific standard test. Examination of wear or a failure scar 
may help in finding the type of wear (Table 4.1). 


Table 4.1 Characterization of types of wear-based scars and 


wear debris 
Type of wear Wear particles/debris Wear scar/surface topography 
Abrasion Particles Grooves or furrows running parallel to surface 
Flat splinters Discontinuous if hard phase present in wear track 
Comet tails in low-stress abrasion 
Adhesion Flakes Sliding tongue 
Splinters Wedge 
Erosion Thin flakes Pits and cavities 
Fine particles Wave fronts 
Lamellar pattern 
Thermal Oxides Scale partly or fully covering the surface 


Particles or flakes Pits and cavities 


Source: Ref 4.4 
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e tis important to realize that wear resistance is not an intrinsic material 
property but is system specific. A change in the wear environment, 
such as the nature of the counterbody and load vector, can significantly 
alter the relative rankings of materials with respect to their wear rates 
and life cycles. 

° Standard wear test results of materials for the predominant wear type 
provide comparative wear data of materials. The result is used for 
ranking the resistance of a material to wear. 

e Alternatively, wear data on dimensional loss from a test surface in 
standard tests are used to assess the life span of materials for known 
dimensional tolerances. 

° The wear rate in steady state is useful in assessing the life cycle of the 
material. The duration of standard tests may or may not yield wear 
data in the steady state. Therefore, except for comparative ranking of 
materials tested under the same conditions, wear data from standard 
tests may not be useful to assess life cycle. 


Archard’s equation has several limitations. For example, it does not ac- 
count for material properties other than hardness, and it does not predict 
phenomena such as changes in wear rate with time, or load, speed, and 
lubrication. In addition, hardness is not a universal criterion for wear rate. 
When a metal is work hardened, for example, the improvement in wear 
may or may not be significant. The improvement in wear resistance by 
induction heating, flame hardening, or laser treatment is not as high as that 
obtainable in coating processes, such as chromium plating or tungsten 
carbide. 

However, even with these limitations, the formula is useful if the other 
influencing effects are recognized and if experimentally derived data are 
judiciously applied to compensate for the limitations. Archard’s equation 
is used to describe abrasive and adhesive wear, but is not used for erosion, 
fretting, contact fatigue, or corrosive wear. Each type of wear has a differ- 
ent mechanism, cause, and effect (Ref 4.3). 


Predictable Life-Cycle Estimation 


The life span of a material can be estimated if there is a progressive 
degradation of properties in the aging processes, such as wear, fatigue, or 
creep, leading to ultimate failure. Life cycles in normal aging by wear, 
fatigue, creep, or change in fracture toughness with time are predictable 
(Ref 4.4). Sudden failure of materials can occur by embrittling processes 
such as hydrogen embrittlement or ductile-brittle transition. In such cases, 
the life cycle is unpredictable and thus cannot be assessed (Ref 4.4). 

In normal predictable wear life, the progressive loss of material occurs 
with increasing time, leading to ultimate failure. The wear life cycle fol- 
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lows the same general pattern as that of other aging processes, such as 
fatigue and creep. The normal life-cycle curves for all aging processes fol- 
low a general three-phase pattern (Fig. 4.1). The three-phase pattern tends 
to change with increasing severity (graphs A —> B —> C) of the degrada- 
tion process. Under normal mechanical and practical situations (graph A 
in Fig. 4.1), the wear rate changes through three distinct stages (Ref 4.5): 


e Primary stage, or early run-in period (stage I): Surfaces adapt to each 
other, and the wear rate may vary between high and low. Wear due to 
fatigue starts only after the critical point (which may be hundreds or 
even millions of cycles). This is in marked contrast to the wear caused 
by adhesive or abrasive wear mechanisms, which can start from the 
beginning. Therefore, unlike adhesive or abrasive wear, the amount of 
material removed is not a useful parameter for fatigue; more relevant is 
the useful life in terms of number of revolutions or time to fatigue 
failure. 

* Secondary stage, or steady state or working life (stage II): A steady 
rate of aging is in motion. The span of constant-rate secondary stage is 
the working life of the engineering component, which shrinks with 
increasing severity of the working environment (Fig. 4.1). The slope 
of the curve is the wear rate. A higher slope reduces the steady-state 
portion (curve B) and thus the wear life. Hence, wear rate at steady 
state provides the key for determining life cycles at different aging 
processes. Surface engineering aims to extend the secondary stage or 
working life by slowing down the process of degradation at this stage. 

* Tertiary stage, or old-age period (stage III): The components are sub- 
jected to rapid failure due to a high rate of aging. Resurfacing can be 
done before reaching this stage. 


In explicit wear tests simulating industrial conditions between wear enve- 
lopes and surfaces, there are no clear distinctions between different wear 
stages, due to big overlaps and symbiotic relations between various wear 
mechanisms. However, the working life or the slope shows significant 
change with effective modification of surface properties. The end of the 


1 


Life 
Fraction 
0.5 Severity of 
Environment 
Stage III 
0.0 


Number of cycles ——> 


Fig. 4.1 Changing pattern in life cycles with severity of environment 
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working life of an engineering component is also reached when dimen- 
sional loss exceeds the specified tolerance limit, or failure occurs. At the 
end of the second stage, initiation of the third stage leads to rapid failure. 

Life-cycle analysis has been found useful to assess, monitor, and im- 
prove the working life of engineering components. Wear-simulation tests 
are found to be useful in assessing life cycle. By prolonging the wear tests 
(standard or simulation) to steady state, the wear region can provide more 
accurate data in assessing wear life. Monitoring the progressive degrada- 
tion process while in use provides information on different stages of the 
life cycle. 

Surface engineering is used for slowing down the wear rate in steady 
state, leading to life-span extension of the wear-prone critical equipment 
and machinery components. Equipment and machinery in this process ob- 
tain a new lease on life. All of the aging processes follow similar trends in 
life-cycle curves (Fig. 4.1). However, the severity of the working environ- 
ment determines the actual shape of the curves. 

The extension of life due to surface engineering is normally estimated 
by comparing the life spans of the original component to that of the 
surface-modified one. In the absence of complete life-cycle curves, the 
steady-state wear rates of surface-modified and unmodified materials are 
used to estimate the life-cycle extension due to surface engineering. 


Life Cycle of Aging Processes in 
Tribological Interactions 


The life cycles of materials in tribological processes include: 


e  Abrasion-based life 

e Adhesion-based life 

¢ Erosion-based life 

° Fatigue-based life 

e Creep-based life 

¢ Fracture-mechanics-based life 
e Corrosion-based life 


The predominant types of degradation processes determining the life cycle 
of components and surfacing processes/materials are listed in Table 4.2. 
Life-cycle extension by surface-engineering processes is discussed in the 
following sections. 


Abrasion Wear Life 


Mineral-processing equipment is subjected to heavy abrasive wear. The 
standard test results show good correlation between hardness and wear, as 
predicted in Archard’s equation. Standard and long-time tests are con- 
ducted to determine wear rate in the steady-state condition. 
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The abrasive wear life in long-time testing (120 h) of AISI 321 (titanium- 
stabilized 18Cr-10.5Ni stainless steel) and that of AISI 1020 (mild steel) 
as reference material is shown in Fig. 4.2. Wear of the material was deter- 
mined from weight loss. The coefficient of wear resistance (€) is equal to 
the volume loss of the reference material divided by the volume loss of the 
tested sample (Ref 4.6). 

High-stress wet abrasion tests, using slurry with 21 kg quartz (10 to 
14 mesh) plus 14 L water at a speed of 2.21 m/s, were carried out for a 


Table 4.2 Aging processes, wear, typical industrial application, material, and 
process for surfacing 


Aging process Wear in typical industrial applications Life-cycle extension by surfacing(a) 
Abrasion Heavy wear under high load/mineral Thick weld overlays of high-chromium white 
processing and earthmoving equipment irons 
Adhesion Low wear plus friction/machine tools Thin CVD/PVD coating 
Low wear and friction in automotive Carburizing/nitriding 
components, gears, cam lobes 
Erosion Medium wear in dry erosion in boilers Thermal spray of chrome carbide in nickel- 
Heavy high-silt erosion in hydroturbines chrome matrix 
Use weld surfacing with 410, Stellites 
Fatigue Subsurface fatigue wear in rolling or sliding Case hardening, carburizing, nitriding 
contact 
Medium wear in ball bearings/gears 
Heavy wear in rail/frog contact Weld surfacing by Hadfield Mn steels 
Corrosion Cathodic/steel structures, bridges Anodic coating of Zn, Al by thermal spray 
Anodic/steel equipment Cathodic Ni-base coatings 
Neutral/steel rolls in textile mills in acidic and Neutral ceramics (Al,O,, Cr,O,) by thermal 
alkaline solution spray 
Reinforcing steel bars Fusion-bonded epoxy (neutral) 
Oxidation/sulfide corrosion (boilers) Chromizing, aluminizing/Fe-Cr-Al coating by 
thermal spray 
Creep (thermal) | High-temperature creep failure/jet engines Reduce surface temperature by thermal 
High-temperature impact failure/bar forging barrier coating 
hammers Improve high-temperature strength by weld 


surfacing with Nimonic coating 


(a) CVD, chemical vapor deposition; PVD, physical vapor deposition 
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Fig. 4.2 Abrasive wear over longer test duration. Source: Ref 4.6 
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period of 120 h. The types of material tested included AISI 1020 
(alloy 20), AISI 1010 (alloy 10), AISI 1045 (alloy 45), AISI 1085 
(alloy 85), and AISI 321 (1Cr18Ni9Ti) (Ref 4.6). 

The effects of weight loss and coefficient of wear resistance on test 
duration are indicated in Fig. 4.2 (Ref 4.6), using the same abrasive all 
through the test. At the early stage, weight loss increases sharply, and then 
the wear rate decreases gradually to become steady after approximately 
20 h. The span of steady-state wear of AISI 321 is considerably longer 
than that of the reference material (AISI 1020). The curve for coefficient 
of wear resistance (£) also shows long steady state (Fig. 4.2). The abrasive 
wear life of AISI 321 is therefore longer than AISI 1020. 

With severe wear situations, when the abrasives are renewed after the 
end of each hour, the weight loss of all the materials increases linearly 
with time (Fig. 4.3) (Ref 4.6).The first stage merges with the third stage at 
a wear rate given by the slope of the curve. The slope and thus the wear 
rate increase with decreasing hardness of the material in the following 
order: 


Alloy 85 (61 HRC) > 1Cr18Ni9Ti (210 HB) — alloy 45 (167 HB) 
— alloy 20 (140 HB) — alloy 10 (100 HB) 


However, even for severe abrasive wear, the slope of the wear is less steep 
for higher wear-resistant materials (i.e., alloy 85) compared to others. If 
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Fig. 4.3 Relation between weight loss and test duration under severe wear 
with fresh abrasive every hour. Source: Ref 4.6 
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the dimensional tolerance limit corresponds to 500 g of weight loss, then 
the life span figures for alloys 10, 20, and 85 would be 10, 12, and 17 h, 
respectively. 


Adhesion 


Adhesive wear in normal operating conditions follows the progressive 
three-stage pattern (Fig. 4.4). In adhesive wear, frictional heat generation 
at the interface leads to changes in the wear mechanism and the corre- 
sponding wear rate from mild to severe. 

The effects of operating variables on sliding wear with time are shown 
in Fig. 4.5 (Ref 4.7, 4.8). In each of these graphs, transition points (one or 
two) exist where the wear rate suddenly increases or decreases with time. 

Frictional heat generation is reduced by introducing a layer of lubricant 
between two interfacing materials. The introduction of lubricant changes 
the wear curve from (Fig. 4.5) (Ref 4.4, 4.6, 4.7): 


e Metal contact wear (1) with high wear rate and no second stage 
° Film wear (2) with low steady-state wear at an almost flat second stage 
° Film wear transition (3) due to re-establishment of the lubricant (6) 


Steady state j High rate 


Wear volume (W) —> 
= 


= 


Sliding time (tf) ——» 


Fig. 4.4 Wear volume (W) versus sliding time (f). Source: Ref 4.4, 4.6 
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Fig. 4.5 Wear volume vs. sliding time. (1) Metal contact wear. (2) Film wear. 
(3) Film wear transitions. (4) Fluid film lubrication. (5) Fluid film 
transitions. (6) Re-establishment of the lubricant. Source: Ref 4.4, 4.7, 4.8 


Chapter 4: Life-Cycle Assessment / 201 


° Fluid film wear (4) with maximum working life at negligible wear at 
second stage 
° Fluid film wear (4) transitions to (5), leading to changes in wear rates 


Surface engineering leads to a similar extension in life cycle during fric- 
tional wear by reducing the wear and friction coefficients due to lubri- 
cants. The coatings of MoS.,, WC/diamond-like carbon (DLC), and DLC 
work as lubricants due to their low friction coefficients, which range from 
0.05 to 0.25 in dry sliding. Surface engineering also provides extra cover- 
age in case of lubrication breakdown. 

Safe-Life Period in Adhesive Wear Map of Cutting Tools. The adhe- 
sive wear mechanism changes with progressively higher heat generation 
by increasing the pressure and velocity. The increase in surface tempera- 
ture leads to transitions in adhesive wear mechanisms, from deformation 
to diffusion and ultimate seizure at various combinations of pressure 
(load) and velocity. Wear maps show transitions in wear mechanisms and 
the extent of material removal by the adhesive wear process at various 
combinations of pressure and velocity. 

Wear maps show the wear characteristics of tool materials at different 
operating parameters and thus the possibilities of selecting optimum pa- 
rameters for improved tool performance. 

Lim et al. (Ref 4.9) made a wear map of high-speed steel (HSS) single- 
point cutting tools in dry turning operations, based on flank wear test re- 
sults (ISO 3685-1997, E) and data from literature. Flank wear is measured 
by the toolmaker’s microscope, in accordance with the standard. 

The map is based on wear data obtained in actual cutting operations 
and not on standard pin-on-disk tests. The wear map is made by plot- 
ting flank wear data of HSS cutting tools during machining at different 
feed rates and cutting speeds (Fig. 4.6). Each point on the map indicates 
the wear rate at a given feed rate and cutting speed. Plasticity and 
diffusion-controlled mechanisms are mainly responsible for flank wear. 
The dominance of each type depends on machining parameters. The 
diffusion-controlled area covers more severe conditions, leading to high 
temperature and resulting diffusion wear. Less-severe machining param- 
eters result in plastic deformation wear. 

The dry wear rate of the cutting tool varies with the cutting speed and 
feed rate. There are five wear zones, with wear rates given by log (wear 
rate). Each zone falls within a certain range of log (wear rate) value, such 
as —5.4 to —5.9, —6.0 to —6.4, and so on (Fig. 4.6). The approximate loca- 
tions of two dominant wear mechanisms, such as plasticity and diffusion 
controlled, are also indicated in the wear map. An increase in cutting 
speed leads to a change in the wear mechanism, from plasticity controlled 
to diffusion controlled. In between the two wear mechanisms there is a 
safety zone covering a range of cutting speeds (20 to 80 m/s) and feed 
rates (0.1 to 0.2 mm/rev). 
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Fig. 4.6 Wear map of high-speed steel cutting tools in turning operations. 
Ranges of wear rates shaded differently show safety zone and two 
main wear mechanisms. Source: Ref 4.9 


The important feature of this wear diagram is the presence of the safety 
zone, where the wear rate of the tool is at a minimum, falling within the 
range —7.5 to —7.9, as log (wear rate). The safety zone is a narrow range 
in machining parameters, where the rates of flank wear of HSS tools dur- 
ing turning operations are the lowest. Within the safety zone, a compro- 
mise between cutting speed and feed rate results in a reduction in tool 
wear rate. The existence of the safety zone makes it possible to optimize 
the machining parameters to extend tool life. The uncoated HSS tool life 
is extended by adjusting the operating parameters within the safety zone. 
The coated HSS tools with longer wear life have larger safety zone param- 
eters, enabling wider control on wear rates at higher productivity. 


Erosion 


Ceramic Erosion Wear Map. Veinthal (Ref 4.10) proposed an erosion 
wear map for ceramics, with toughness and hardness as axes (Fig. 4.7) 
(Ref 4.10). The erosion wear map of ceramic materials is divided into 
three regions: 


e Zone A: Plastic deformation zone where hardness is below 7.5 GPa 
and fracture toughness (K,,) is up to 10 MPa : m°. In this low-hardness 


Chapter 4: Life-Cycle Assessment / 203 


a E 


x 


70WC-Co 


4 80WC-Co 
90 
4 C > 


85WC-C 


H, =(1.6 Hm:720 HV) 


Surface fatigue 


C-Co 
80TiC-20NiMo 


ASS IC : IXASIAION 5 
Ses AK x A 
i SX] DN | xs _ Brittle fracture 
t a {ORRIN 
E œN 
z SA RRS Coy © me > 
v SO SOL 
x ZSZ P lastic SEEN 
[< deformation N (B) 
1 BLEN IONS N J 
LRN] 
ZSS KR 
BREER Gal 
0.5 RSLS eS 
SSO KES 
OOP 
Scene tees 
RRR HD 
QR RAVE 
OOOO 
SORE K KS 
0.1 KELLER l 
0 5 10 15 20 25 30 
HV, GPa 
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toughness. Source: Ref 4.10 


zone, wear occurs due to plastic deformation. None of the hard ce- 
ramic materials exist in this zone, except silica on the borderline. The 
wear of materials with low hardness is caused by microcutting. 


Zone B: Brittle fracture zone where hardness is above 7.7 GPa and K,, 


is up to 10 MPa- m°’. Ceramic oxides, carbides, and nitrides, such as 
ALO,, SiN, BN, TiC, 9SWC-Co, and AIN, belong to zone B. Wear of 
materials with low fracture toughness (below 10 MPa- m °° by silica 
erodent) is caused mainly by brittle fracture. Fracture toughness is the 
controlling factor in limiting wear of ceramic materials in this region. 


Zone C: Surface fatigue zone, which includes the area between hard- 


ness above 7.5 GPa and K,, above 10 MPa: m°’. The cermets (ce- 
ramic + metal composites) of tungsten carbide plus cobalt belong to 
this zone. The list of composites includes WC-10Co, WC- 15Co, 
WC-20Co, and WC-30Co. In this zone, surface fatigue is the predomi- 
nant mechanism for wear. The cermets belonging to this group possess 


high toughness. 


The wear mechanism changes from brittle fracture for ceramics to surface 

fatigue wear in cermets due to the higher toughness of the latter. 
Life-Cycle Assessment from Steady State in Erosion at Elevated 

Temperature. The life cycle of a material in erosion is determined by the 
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wear rate in the second stage, that is, the slope of the wear versus time in 
the steady state. Steady state is defined by the linear portion of the weight- 
loss-versus-erosion-time plot. 

Levin et al. (Ref 4.11) carried out erosion tests on plasma-transferred 
arc welding (PTAW) overlays of selected wear-resistant cobalt, nickel, 
and iron alloys at 400 °C (750 °F) (fireside temperature of the boiler) 
using alumina grits (300 um) at impingement angles of 30° and 90° for 
exposure times of 5, 10, 20, 50, and 100 min. Additional 80 min tests were 
carried out wherever necessary to obtain all the weight loss results in the 
steady state (Ref 4.11). 

Data on the steady-state erosion rate at 400 °C (Table 4.3) at different 
impact angles indicate: 


e Low-dilution PTAW overlays of Ultimet, Inconel 625, and 316L ex- 
hibit significantly lower steady-state erosion rates compared with the 
abrasive-wear-resistant hard alloys, such as Stellite 6, B-60, and Ar- 
macor-M (Table 4.3). The results indicate that the factors controlling 
abrasion and erosion behavior may be different. 

e Weld overlays do not show significant differences in their steady- 
state erosion rate at 90° and 30°, contrary to basic differences between 
ductile and brittle erosion. There is no correlation between room- 
temperature hardness and elevated-temperature erosion. Hence, the 
selection of coating for boiler tube erosion in circulating fluidized-bed 
boilers cannot be based on room-temperature hardness. 

e While coatings of 316L, Ultimet, Hastelloy 22, Inconel 625, Stellite 6, 
and iron aluminide undergo plastic deformation in the erosion process, 
high-hardness high-chromium iron, 420 stainless steel, TS2, B-60, and 
Armcor-M do not show any deformation wear. Therefore, the mecha- 
nism controlling erosion wear is different for the two groups. 


Erosion mechanisms involving plastic deformation in ductile materials 
(Stellite 6 and Ultimet weld overlay) cause gouging and crater formation 


Table 4.3 Steady-state erosive wear at low and high angles for selected materials 


Steady-state erosive wear rate, 


(mm2/min-!) x 1000, at Propor onae 
impact angle of: life cycle 

Alloy No. Alloys and compositions 90° Average 30° (based on average wear) 
1, Stellite 6 (Co-28Cr-4.5W-1C) 11.9 12.0 12.2 1.76 

2. Tristelle TS2 (Fe-35Cr-11Co-9Ni-4.5Si-2C) 10.4 11.4 12.5 1.87 

3: Ultimet (Co-24Cr-8.8Ni-4.8Mo-2W-0.06C) 8.5 9,1 9.7 2.34 

4. Hastelloy 22 (Ni-22Cr-23Mo-2.05W-0.006C) 11.4 10.4 9.5 1.54 

Dy Inconel 625 (Ni-22Cr-8.5Mo-3.5Nb-0.023C) 9.4 9.5 9.6 2,23 

6. B-60 (Ni-13.4Cr-4Si-2.6B-4Fe-0.67C) 13.5 Sis 9.9 dak 

de Armacor-M (58Cr-39Fe-8B-3Si) 22.2, 21.2 20.3 1 

8. Iron aluminide (Fe-14.3Al-2Cr) 10.3 9.8 9.3 2.21 

9. High-Cr iron (Fe-27Cr-2.7C) 11.1 10.1 9.2 2.16 

10. 316L (Fe-17Cr-10Ni-2Mo) 10.0 9.6 9.2 2.21 

11. 420 stainless steel (Fe-13Cr-0.4C) 9.4 ee 14.2 fist 


Source: Ref 4.11 
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(Ref 4.11). When a critical strain is exceeded in the deformation volume 
underneath the eroded surface, material removal from the surface by duc- 
tile fracture occurs (Ref 4.12). It has been shown that materials with a 
higher strain-hardening coefficient exhibit higher erosion resistance com- 
pared to materials with a low strain-hardening coefficient. 

Erosion of brittle materials that do not deform plastically involves brit- 
tle fracture (i.e., chipping, cracking) after particle impact. For example, 
the Armacor-M and 420 stainless steel weld overlay do not show a plastic 
zone in scanning electron microscopy studies on wear scar. Also, no im- 
pact craters or gouging are observed on these wear scars. For brittle weld 
overlays, the ability to resist brittle fracture (i.e., cracking) is the major 
controlling factor in the erosion process. High toughness in these high- 
hardness, brittle materials leads to higher erosion resistance. 

The steady-state wear rate determines the working life of the material. 
Life span is the time to reach an acceptable dimensional tolerance limit at 
steady-state wear rate. If the limit for dimensional loss due to wear is as- 
sumed as 21.2 mm, the Armacor-M alloy (alloy 7) would go through one 
full life cycle before rejection. The comparative life cycles of the other 
alloys would depend on the steady-state wear rates. The calculated aver- 
age erosive life spans of tested materials compared to that of Armacor-M 
alloy as 1 are shown in Table 4.3. 

The steady-state erosive wear curves for alloys 1, 2, 3, and 9 are drawn 
in Fig. 4.8 based on their steady-state wear rates and assuming the starting 
point at (0,0). The comparative life spans of alloys 3 (Ultimet), 9 (high- 
chromium iron), 2 (TS2), and 1 (Stellite 6), regardless of impingement 
angle, tend to decrease with increasing material wear rates at the steady 
state (Fig. 4.8). The trend is similar to that of the progressive reduction of 
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Fig. 4.8 Steady-state erosive wear life. Comparative decrease with wear 
severity 
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steady-state life cycle with increasing severity of the wear environment 
(Fig. 4.1). The working life in erosive wear can be extended by surfacing 
with alloy 3 (2.34 times), alloy 9 (2.16 times), alloy 2 (1.87 times), and 
alloy 1 (1.76 times) in comparison to that of alloy 7 (as 1) for a given test 
period and dimensional tolerances. The steady-state wear life decreases 
rapidly with increasing wear severity (Fig. 4.8). 

Wet erosion of materials, including cavitation erosion and silt, is an 
important consideration in the operation of hydroturbines. 

Cavitation-erosion tests of mild steel (1020), stainless steels (308 and 
301), cobalt-base alloys (Stellite 6 and Stellite 21), and Hydroloy HQ 913 
(stainless steel with high cobalt) were carried out in a standard vibratory 
tester. The results are shown in Fig. 4.9. A long life cycle with the lowest 
wear rate is Stellite 6, followed closely by Hydroloy HQ 913. Stellite 21 
showed a higher rate of wear in comparison to Hydroloy HQ 913. The 
severe wear of austenitic stainless steels (308 and 304) led to an insignifi- 
cantly low steady-state region compared to three other alloys (Fig. 4.9). 

After 25 h of cavitation exposure, the approximate weight loss figures 
(indicated by the dashed lines) are 14, 16, and 26 mg for Stellite 6, Hy- 
droloy HQ 913, and Stellite 21, respectively. Assuming the same alloy 
density, the comparative life-cycle improvement factors are 1.86, 1.2, and 
1.0 by using Stellite 6, Hydroloy HQ 913, and Stellite 21 (assumed value 
as 1), respectively. 

Hydroloy HQ 913, a high-cobalt stainless steel (Fe-0.2C-17Cr-9Co- 
0.5Mn-0.2N-2.5Si), was developed by Hydro Quebec and marketed by 
Stoody Corporation in the early 1990s. It showed excellent resistance to 
cavitation erosion in comparison to expensive cobalt-base alloys. The 
alloy was used with success as weld overlay on wear-prone areas of hy- 
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Fig. 4.9 Cavitation-erosion weight loss vs. time for selected alloys. Source: 
Ref 4.13 
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droelectric turbine runners. However, the alloy was difficult to weld and 
grind and is no longer marketed by Stoody (Ref 4.13). 

Richman and Rao compared cavitation-erosion wear properties of 1020, 
304 and 308 stainless steels, CA-6NM (most widely used hydroturbine 
material), and Stellite 21 (Ref 4.14). They observed excellent cavitation- 
erosion properties for Stellite 21 in comparison to that of other alloys. 
Fatigue was found as the dominant mechanism of cavitation-erosion 
damage. 

Efficiency and Life Span of Hydroturbines (Ref 4.15, 4.16). The power 
available from falling water can be calculated from the flow rate and den- 
sity of the water, the height of the fall, and the local acceleration due to 
gravity (Ref 4.15): 


P=n'p'v:g:h (Eq 4.1) 


where P is the power (W), n is the turbine efficiency, p is the density of 
water (kg/m3), v is the flow (m?/s), g is the acceleration due to gravity, and 
h, for still water, is the difference in height between the inlet and outlet 
surfaces. Moving water has an additional component added to account for 
the kinetic energy of the flow. The total head equals the pressure head plus 
the velocity head. 

In hydroturbines, flowing water is directed onto the turbine runner blades 
at an energy of impact F =(p-v- g ; h). The conversion efficiency of the 
turbine (n) is the ratio of total electrical energy (P) produced with the 
theoretical potential energy input (F ). However, the conversion efficiency 
decreases with increasing wear of the runner blades. Erosion of turbine 
blades shows two steady-state periods. Initial steady state is followed by 
decreasing erosion rate to a second steady state (Ref 4.16). The material 
loss at the initial steady state is used to measure erosion resistance. 

High-Silt Wear of Hydroturbines. Hydroturbines in the Himalayan re- 
gions face severe silt-erosion problems. The turbine components, such 
as guide vanes and runner blades (in Francis and Kaplan) and buckets 
and valves (in Pelton wheel), are subjected to high-silt erosion. Power- 
generating efficiency decreases with the increasing erosion of critical 
components. High-silt wear can cause removal of half of the runner blades 
in six months (Ref 4.4). Reblading takes three months. The loss in power 
generation amounts to approximately 50% of the normal amount per year. 
The shortfall in power generation is compensated by increasing genera- 
tion in fossil-fuel-based power plants. This results in emission of a large 
quantity of carbon dioxide in the atmosphere. 

The high kinetic energy of impact with water containing abrasives such 
as quartz causes rapid wear of interacting surfaces of the turbine compo- 
nents. Silt erosion leads to ripple formation on the surface of worn hydro- 
turbine components. Ripples on the eroded surface of a valve in a worn 
Pelton wheel turbine (at Chuka, Bhutan) are shown in Fig. 4.10(b) (Ref 4.4). 
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(a) 


Fig. 4.10 Erosive wear ripples on a hydroturbine component. (a) Deep rip- 
ple scar. (b) Light ripples. Source: Ref 4.4 


The ripple wavelength is close to a multiple of the length of the cut taken 
by a single particle. Ripples grow in size and depth with increasing ero- 
sion by an impacting water stream containing silt. Ripple growth is more 
pronounced in softer materials and higher impact velocities. Round parti- 
cles cause ripples at a lower angle of impact than angular particles. The 
rapid growth of ripples by angular silt particles impacting at high veloci- 
ties leads to severe wear of the turbine component (Fig.4.10a). Similar 
wear patterns are observed in runners and guide vanes. 

Rough rippled surfaces resist the flow of water and lead to further un- 
even wear. Heavy wear leads to considerable loss (dissipation) of input 
kinetic energy of water flow over the blade surface and a loss in energy- 
generating efficiency. The progressive thinning of the leading edges re- 
duces the load-bearing capacity of these areas and eventually causes 
fracture to occur. 

The turbine material facing the high-pressure water is a high-strength, 
tough alloy with resistance to erosion cavitation, such as CA6NM (cast 
AISI 410). However, high-pressure water containing high-quartz silt is 
found to cause severe erosive wear of runner blades and guide vanes made 
from CA6NM material. Prolonged wear-simulation tests over a period of 
50 h were conducted to find the steady-state wear rates (Ref 4.17) of 
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CA6NM, Stellite 6, AISI 316L, and austenitic stainless manganese-type 
steel (Fe-15Cr-15Mn-0.4C). Except for the original base material, 
CA6NM, all other test coupons were made with weld overlays of wear- 
resistant materials. The lowest erosive wear was found with Stellite 6, 
followed by austenitic stainless manganese steel (Fig. 4.11). 

The high wear rate of the base material (410 stainless steel) in the 
steady-state condition leads to rapid wear of the turbine component. Weld 
overlay of 316L shows a higher wear rate than the base steel. The weld 
overlay of 15Cr-15Mn slows down the wear rate from that of the base 
metal. Field trials with 15Cr-15Mn weld overlay in less severe silt wear 
conditions found significant improvement in life. The weld overlay of 
Stellite 6 has an almost flat steady-state wear (Fig. 4.11). Low steady-state 
wear substantially improves the life span of turbine components. 


Creep Life 


Creep life is the time taken for failure to occur by a progressive increase 
in strain under stress at elevated temperature. The stress at which rapture 
occurs is known as rapture stress, and the time to rapture is rapture time. 

Similar to other aging processes, under normal conditions there are 
three stages in creep life. Also, the second stage, or steady state, becomes 
shorter due to increase in strain rate by increasing stress, temperature, or 
both (Fig. 4.12). 

Thermal Barrier Coatings to Extend Creep Life of Gas Turbines. In 
turbines, following combustion, the temperature of the gas entering into 
the turbine (turbine entry temperature, or TET) is approximately 200 °C 
(360 °F) or more than the temperature the turbine material can withstand. 
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Fig. 4.11 Long-time wear-simulation test for silt erosion. Source: Ref 4.4 
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Fig. 4.12 Schematic of increasing creep rate and shorter life cycle by in- 
creasing stress or temperature 


A significant reduction in specific fuel consumption is achieved by in- 
creasing the TET at the turbine section inlet throats (Ref 4.18). This has 
led to further increase in TET in recent years. 

Higher temperature has a similar effect as higher stress on increasing 
the steady-state creep rate (Fig. 4.12). The progressive increase in TET 
due to increased demand for higher power and improved specific fuel 
consumption has led to a new generation of aircraft with TET exceeding 
1800 K (1527 °C, or 2780 °F ) in takeoff (Ref 4.19), and superalloys are 
expected to withstand temperatures of up to 1473 K (2192 °F). The in- 
crease in TET drastically reduces the creep life of superalloys. 

Nimonics can withstand creep at high temperatures of approximately 
80% of their melting point. Other comparable materials begin to creep at 
approximately 40% of melting point. During aging of Nimonic alloy, pre- 
cipitation of the gamma prime phase leads to an increase in the yield 
strength with increasing temperature of up to 0.58T (T, = 1396 °C, or 
2545 °F), that is, up to 810 °C (1476 °F). This unique property, not gener- 
ally observed in other alloys, makes Nimonics the appropriate materials 
for jet engine components (Ref 4.20). 

Decades of research and development efforts have resulted in the im- 
proved capability to withstand high TET for 1000 h creep life at 137 MPa 
for new blade materials to a maximum temperature of 1100 °C (2010 °F) 
(Ref 4.21). The turbine material of modern jet engines must withstand a 
temperature of 1200 °C (2190 °F) due to high TET. Thus, there is still a 
shortfall of approximately 100 °C (180 °F). 

The conventional metallic-coated component is air cooled and can op- 
erate even under conditions where the gas temperature exceeds its melting 
point. By applying thermal barrier coatings (TBCs), the difference be- 
tween the gas and metal temperatures can be further increased because of 
a large temperature drop (AT) established across the ceramic thermal bar- 
rier layer. 
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Current commercial TBC systems consist of nickel-base superalloy or 
single-crystal substrates coated with a bond coat of MCrAIY (where “M” 
is nickel or cobalt) or a diffusion aluminide that forms an alumina layer 
(thermally grown oxide) onto which is deposited yttria-stabilized zirconia 
(YSZ) as the TBC. The YSZ layer can be applied by air plasma spraying 
to thicknesses generally between 200 and 300 um, or by electron beam 
physical vapor deposition (EB-PVD) to thicknesses of ~100 to 125 um. 
The EB-PVD coatings are used for the most demanding applications, such 
as the leading edges of airfoils (Ref 4.22). 

The use of an insulating coating (YSZ) coupled with internal air cool- 
ing of the component lowers the surface temperature of the component, 
with a corresponding decrease in the creep and oxidation rates of the com- 
ponent. The use of TBCs results in significant improvement in the effi- 
ciency of gas turbines. 

The magnitude of AT is a function of the coating thickness, heat flux, 
and oxide thermal conductivity. A 0.4 mm thick ceramic layer can typi- 
cally give a AT of 100 to 300 °C (180 to 540 °F). The YSZ as TBC reduces 
the operating temperature of substrate Nimonic alloys by as much as 165 °C 
(300 °F), to a maximum of 300 °C (540 °F) above the customary operat- 
ing range (Ref 4.23) and thus making it possible to operate at higher TET 
in the new generation of aircrafts. 

The effect of decreasing the metal temperature by use of TBCs leads to 
a substantial increase in the time to rupture at a given stress, or at a higher 
stress at a lower temperature (Ref 4.19, 4.20). For example, with a stress 
at 100 N/mm, the stress rupture of a forged Nimonic 115 alloy occurs 
after time spans of 100, 1000, and 10,000 h at 1000, 940, and 870 °C 
(1830, 1725, and 1600 °F), respectively (Fig. 4.13) (Ref 4.20). Therefore, 
a decrease in turbine blade temperature by 60 to 70 °C (110 to 125 °F) 
leads to a 10-fold increase in creep life of the turbine blade at the same 
pressure (Fig. 4.13). A decrease in turbine blade temperature from 1000 to 
870 °C, that is, by 130 °C, results in a 100-fold increase in creep rupture 
life. This enabling green surface-engineering technology has not only 
made the new generation of aircraft more fuel efficient but also has led to 
a several-fold increase in creep life. 

Coating is used in the internal surfaces of the combustion chambers and 
turbine blades (Ref 4.22). Thermal barrier coating is used to protect flare 
heads and primary-zone sections of combustors against the effects of hot 
spots, thereby considerably improving combustor life. In view of the suc- 
cess achieved in this area, attention was directed toward the use of TBCs 
on blades and vanes. In addition to improving creep life, the lowering of 
turbine blade temperature reduces oxidation and thermal fatigue. 

An increase of 20 °C (36 °F) in TET leads to approximately 0.5% im- 
provement in fuel efficiency and results in 500,000 sterling pounds 
($790,512) over a 15 year period due to fuel savings and improved effi- 
ciency (Ref 4.18). Economic gain is associated with a proportionate de- 
crease in carbon dioxide emission. 
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Fig. 4.13  Stress-rupture properties of Nimonic 115 forged bar. Upper and 
lower 98% confidence limits. Source: Ref 4.20 


Creep Damage and Residual Life Assessment. The TBC coating pro- 
vides the opportunity to refurbish the component, thus enabling a new 
lease on life without significant degradation of the creep properties. Typi- 
cal overhaul periods in today’s (2014) engines are 16,000 to 18,000 h, 
which must be supported by the TBC (Ref 4.24). 

The extent of component creep damage must be assessed before resur- 
facing. The quantum of damage is commonly assessed from metallo- 
graphic changes, such as the coarsening of grains, carbides, and precipitates 
and the formation of voids, cavities, and microcracks. Change in carbide 
chemical composition has also been used as a criterion for creep-life as- 
sessment in steels. The normal life cycle in creep, along with progressive 
degradation, is indicated in Fig. 4.14 (Ref 4.25). The extent of damage in 
relation to different stages of the creep curve can be assessed from 
changes in the microstructure. The metallographic technique for assess- 
ing the extent of creep damage and residual life is done by comparing 
microstructures with that of standard micrographs of the material. The 
standard micrographs are provided by engine manufacturers, such as 
Pratt & Whitney, General Electric, and others. It is mandatory to check 
the residual life of engine components before recoating (e.g., TBC) dur- 
ing scheduled maintenance. The need for repair and resurfacing is as- 
sessed on the basis of remaining life. The microstructural changes indicate 
different stages of creep life, and the corresponding action plans are 
shown in Fig. 4.14. 
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Fig. 4.14 Schematic diagram showing creep damage and residual-life esti- 
mation from observations of replicas. |, II, and Il are primary, sec- 
ondary, and tertiary creep ranges, respectively. Source: Ref 4.4, 4.25 


Fatigue of Materials 


Fatigue is defined as the process leading to progressive localized per- 
manent structural change in a material when subjected to fluctuating 
stresses and strains. High-cycle fatigue (HCF) occurs under low stress, 
and failure occurs at a number of cycles (N) equal to or greater than 
10,000. High-cycle fatigue is stress controlled, and therefore, S-N curves 
are widely used in design to combat it. High-cycle fatigue is normally re- 
stricted to crack initiation and stage I of crack growth. Low-cycle fatigue 
(LCF) is strain controlled and represented by E-N curves. Failure occurs 
at a number of cycles (N) less than 10,000, and most of the LCF life is 
taken up by stage II crack propagation. Fatigue wear life is determined by 
the number of cycles to failure, even if the wear volume is within toler- 
ance limits at that stage. 

In current damage-tolerant design, the linear elastic fracture mechanics 
concept is used to study the life cycle of both LCF and HCF situations. 

Fracture Mechanics and Fatigue Life. Life cycle in linear elastic frac- 
ture mechanics (LEFM) is determined by the number of cycles for crack 
growth from initial size (a,) to critical size (a,), or beyond tolerable crack 
size. Fracture-mechanics-based fatigue-life evaluation is currently a widely 
accepted practice in new design for assessing remaining life and in fitness- 
for-purpose service. 

Fracture toughness is defined (in ASTM E616) as a “generic term for 
measure of the resistance to extension of a crack.” For low-toughness 
thicker materials, crack propagation is governed by the plane-stress condi- 
tion, where strain is zero in the through-thickness or z-axis direction. At 
this stage when the defect size is a„ the stress-intensity factor is expressed 
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as K,,, which is the critical plane-strain-intensity factor or plane-strain 

fracture toughness index. Failure of material can occur below the designed 

load due to the presence of discontinuities beyond the permissible size. 
The basic equation for crack extension in the plane-strain condition in 


mode 1 is: 
K =E; G/U - v2) (Eq 4.2) 


where v is Poisson’s ratio, E is Young’s modulus, and G, is the stress en- 
ergy release rate. 

According to the LEFM concept, failure occurs when the local stress- 
intensity factor (K,) exceeds a critical value (K,,). The critical defect size 
(a.) for failure to occur in plain-stress and plain-strain conditions is: 


Plane-stress condition: a,= 1/7 > (K,,/o)* (Eq 4.3) 
Plane-strain condition: a,= 1/m(K,,/o) : (1 — v’) (Eq 4.4) 


The critical stress-intensity factor is the stress at which crack propaga- 
tion becomes rapid. K,, is an indicator of toughness of high-strength mate- 
rials and their deposits. The high value of K,. indicates difficulty in rapid 
crack propagation. In general, fracture toughness increases with increas- 
ing temperature, decreasing load rate, and decreasing constraint. Kis a 
true material property in the same sense as yield strength of the material. 
Similar to yield stress, which indicates the stress where permanent defor- 
mation sets in, K,.in the plane-strain state is an index for onset of unstable 
fracture. The K,, values are unaffected by specimen dimensions or type of 
loading, so long as the dimensions are large enough to ensure plane-strain 
conditions at the crack tip (strain is zero in the through-thickness or z-axis 
direction). 

The Paris equation relates crack growth rate (da/dN) to the stress- 
intensity factor (AK) by the following relationship: 


da/dN = C(AKy" (Eq 4.5) 


where a is the crack length, N is the number of fatigue cycles, and AK is 
the stress-intensity factor in MPavm units = AQov(na), where o is the 
applied stress, and Q represents a geometrical factor. The C and n are 
constants, which are generally dependent on material, loading conditions, 
environment, and microstructure. 

The plot of experimental crack growth rate data in terms of log (da/dN) 
versus log (AK) follows a sigmoidal curve (Fig. 4.15), with variations in 
slopes instead of the expected straight line. There are three different re- 
gions in the plot. The first stage, with an initial slow growth stage at the 
threshold stress intensity (regime A), is followed by linear growth (fol- 
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Fig. 4.15 Fatigue crack propagation with alternating stress intensity. Source: 
Ref 4.26 


lowing the Paris equation) or steady-state growth rate (regime B), leading 
to the final stage of fast crack growth to failure (regime C). 

The steady-state regime (B) is usually obeyed by most materials. The 
threshold stress-intensity factor (AK,,) indicates the stress intensity below 
which the crack growth rate tends to be zero. According to ASTM E647 
(Ref 4.27), the threshold-intensity factor is defined as the value of the 
stress-intensity factor at which the crack growth rate is on the order of 
107!° m/cycle. 

The threshold region is of great importance because a significant por- 
tion of the component HCF life is spent in this region. Structural compo- 
nents designed on the basis of fatigue threshold can have infinite or very 
long lives. In regime A, the life span up to threshold AK, depends on the 
initial or preexisting crack length, in addition to the microstructure, mean 
stress, and environment. 

Longer life beyond the threshold value depends on the linear portion of 
the steady-state growth rate (regime B). Progressive crack growth rate fol- 
lows the Paris equation. The slope of the curve determines the fatigue life 
in regime B. In this regime, the effects of microstructure, mean stress, 
environment, and thickness are insignificant on the steady-state fatigue 
crack growth rate. 

In regime C, rapid crack growth rate leads to early failure. In this re- 
gime, microstructure, mean stress, environment, and thickness have a sig- 
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nificant effect on fatigue crack growth rate. Integration of the Paris 
equation (Eq 4.5) shows that the estimated life or number of cycles (N,) 
for crack growth to critical size (a.) is inversely related to o”, where o is 
directly proportional to AK (Ref 4.4): 


N, œ 1/0" 00 1/AK (Eq 4.6) 


With n = 2 to 4 for metallic materials, the predicted life can be reduced by 
1 or 2 orders more in proportion to applied stress. For ceramics, with n > 
20, a small increase in applied stress, by a factor of 2, reduces the pro- 
jected life by 6 to 30 orders of magnitude. Therefore, the crack growth 
approach can lead to a large variation in predicted life for a small change 
of applied load for brittle ceramic materials. 

Experimental Determination of Fatigue Life from Fracture Me- 
chanics. Fatigue failure of components occurs due to subsurface crack 
growth to a critical crack size, beyond which the material fails by fracture. 
For a given critical crack size, the life to fatigue fracture depends on the 
growth rate per cycle (da/dN) and the final fracture resistance of the mate- 
rial (K,,, or fracture toughness). 

The fatigue life cycle of a high-strength steel (ASTM A533 B1 specifi- 
cation) is experimentally determined from the fatigue crack growth rate at 
different fracture toughness (stress-intensity) values. The fatigue crack 
growth rate of five specimens belonging to ASTM A533 B1 steel specifi- 
cation were tested in accordance with ASTM E647 at 24 °C (75 °F). 

The crack growth rate (da/dN) per cycle is related to the stress-intensity 
factor (AK) by the Paris law. The log-log plot of da/dN versus AK plot 
(Fig. 4.16) has a sigmoidal shape, with three phases in the life cycle (Ref 
4.26). The slope of the straight-line portion of the curve is the steady-state 
crack growth rate, which determines the life span of the material. The 
slope in this case is high due to the high yield strength of the material. A 
decrease in crack growth rate or stress-intensity factor leads to a decrease 
in the slope of the steady-state curve, leading to improvement in life span. 


Residual Stress and Fatigue Life 


The total stress on the component consists of applied and residual 
stresses. The total stress (o) is calculated as: 


o = 0, x SCF + Ok (Eq 4.7) 


where o, is the applied stress, SCF is the stress-concentration factor, and 
Ox is the residual stress. Residual stress is added to or subtracted from the 
total stress for tensile or compressive residual stress, respectively. Com- 
pressive residual stress is subtracted from the total stress. The stress- 
concentration factor arises due to the presence of notches, voids, and other 
defects in the structure. 
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Fig. 4.16 Fracture toughness vs. fatigue crack growth of ASTM A533 B1 
steel. Yield strength: 470 MPa (70 ksi). Test conditions: R = 0.10 at 
room temperature (24 °C). Source: Ref 4.26 


The life of an engineered component is equivalent to the time or num- 
ber of cycles required for an existing defect to grow to critical size under 
the total stress, consisting of applied and residual stresses. Lower total 
stress leads to larger critical defect size. Larger critical defect size leads to 
higher fracture toughness and longer component life. 

Compressive residual stress has a much stronger influence on fatigue 
life than tensile residual stress because the former decreases the SCF 
range and increases the critical crack size, while the latter only decreases 
the critical crack size. 

Compressive residual stress is generated in surface hardening by pro- 
cesses such as carburizing, nitriding, and peening. Tensile residual stress 
is generated by fusion weld overlay processes. 
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Compressive residual stress retards the formation and growth of cracks 
subjected to cyclic loading and thus can enhance fatigue resistance. Resid- 
ual stresses have a large impact on long-life (high-cycle) and intermediate- 
life fatigue applications. Compressive residual stress can negate the notch 
effect to a certain extent. In low-cycle fatigue, compressive residual stress 
has a negligible effect, due to stress relaxation. 

Shot peening significantly enhances compressive residual stress (from 
100 to over 1000 MPa) in several carburizing-grade steels. As a result, a 
bending fatigue limit of 1400 to 1500 MPa is achieved (Ref 4.28). Tensile 
residual stress adds to the applied load and is therefore a detriment to fa- 
tigue. The fusion weld overlay process introduces tensile residual stress 
and notches (triaxial stress increases the SCF) in the wear-resistant de- 
posit (Ref 4.2). The tensile residual stress is simply added to the applied 
stress, while the triaxial stress is multiplied with applied stress (Eq 4.7). 
These two factors increase the total stress and reduce the fracture tough- 
ness considerably. 

The weld deposit of a 9% Ni steel was studied to find the variation of 
tolerable defect size with total stress. At a design stress of o, = 294 N/ 
mm”, residual stress (o,) = 365 N/mm’, and K,,= 5000 N/mm *” at 77 K, 
the calculated a, value is 5.12 mm. Residual stress (tensile) in the weld 
(Op) reduces the critical crack size and thus the fracture toughness. The 
SCF occurs due to the presence of notches, voids, and ductile-brittle tran- 
sition at subzero temperature. Stress concentration drastically reduces the 
fracture toughness of the weld. 

The tolerable defect size decreases with an increase in total stress level 
(Table 4.4) (Ref 4.2). 

A stress-relief heat treatment reduces residual stress and thus increases 
the tolerable defect size. A similar effect is observed by reducing the SCF 
to 1. An increase in tolerable defect size leads to an increase in component 
life span. 

The plot between total stress (o) and critical crack length (a,) shows 
steady increase in critical crack size with decreasing total stress (Fig. 4.17). 
The fracture toughness of hard, less-ductile weld overlays is substantially 
increased by decreasing residual (tensile) stress and SCF in the material. 
The improvement in fracture toughness is accompanied by a similar in- 
crease in fatigue life (N) of a weld-surfaced layer. 


Table 4.4 Tolerable defect sizes in 9% Ni steel weld and residual stress 


Stress- 


Applied stress concentration Residual stress Total Critical defect 
Material condition (o,), N/mm? factor(a) (Or), N/mm? stress (6) size (a,), mm 
At room temperature 294 1 365 659 11.5 
At77K 294 3 365 1247 5.12 
Stress relieved at 77 K 294 3 0.250, 973.25 8.40 


(a) Stress-concentration factor at 77 K is assumed as equal to 3. Source: Ref 4.2 
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Fig. 4.17 Total stress vs. critical crack length in 9% Ni steel weld deposit 


Types and Life Cycles of Fatigue Wear 


Fatigue life in different types of fatigue wear is discussed as follows. 
The types include fatigue life in impact (zero-wear concept), rolling con- 
tact (railroad and frog), and corrosion (corrosion fatigue). 

Impact Fatigue Zero-Wear Concept. Wear due to fatigue starts only 
after a certain number of cycles, unlike the wear caused by adhesive or 
abrasive wear mechanisms, which start from the beginning. According to 
the zero-wear or IBM model, the number of cycles needed to initiate 
wear (N,) is related to the shear yield stress of the material, as follows 
(Ref 4.29): 


N, = 2000(B ` ty/tmax)® (Eq 4.8) 


where N, is the number of cycles below which wear is less than the origi- 
nal surface roughness, t, is the shear yield stress, Tmax is the maximum 
shear stress, and ß is the wear constant. For dry wear, P is equal to 0.2. In 
boundary lubrication, a higher value of PB (0.54) improves zero-wear life 
in comparison to dry wear. In hydrodynamic lubrication, B can reach a 
value of 1.0, thus causing substantial extension of the zero-wear life. 

The zero-wear concept is very similar to the S-N curve for fatigue, with 
a threshold value of stress to initiate wear (Fig. 4.18). Wear life in the 
zero-wear concept is determined by the number of cycles to initiate wear. 

A comparison of zero-wear life cycles of different coating materials can 
be made from the ratio of the corresponding 1, values, if Tmax is assumed 
as constant. Hardness can replace t, (Ref 4.30) in the IBM equation, be- 
cause the two parameters are directly proportional to each other. This con- 
cept has been used to assess the comparative life cycle of a bar forging 
hammer of die steel H12 and a hammer with weld cladding of Nimonic 
alloy. Service life of the bar forging hammer is found to be in agreement 
with the estimated life-cycle (N,) ratio (Ref 4.4). 
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Fig. 4.18 Plot of wear depth vs. number of cycles. B: zero wear < N,; C: 
measurable wear > N,. Source: Ref 4.4, 4.24 


Life Cycle in Rolling-Contact Fatigue. Rail-wheel wear is a classic 
example of rolling-contact fatigue. The wear configuration at the interface 
of the frog or crossing and the wheel involve rolling contact and repetitive 
impacts. The wear of the frog is expressed in terms of gross million tons 
(GMT) carried over until the nose portion shows a decrease in height of 
6 mm (0.23 in.). Over the years, there has been a steady increase in the axle 
load, frequency, and speed of trains, resulting in higher GMT and a corre- 
sponding increase in the repetitive contact load at the wheel-rail interface. 

The wear of points and crossings is more severe than that of the rail. To 
study the wear of the frog by wheels, special test equipment was designed 
and fabricated to simulate the wear situation at the railroad crossing/wheel 
interface during switching over from one track to another (Ref 4.4). The 
dimensions of the wheels and rail specimen generated Hertzian contact 
stress of 937 to 1000 MPa under a constant load of 200 kg. Wear-simulation 
tests of weld overlays of an austenitic manganese steel with high chro- 
mium and a ferritic stainless steel containing approximately 15% austen- 
ite were carried out in this special fixture. A medium-carbon manganese 
rail steel was used as reference material. 

The rail steel showed the lowest wear up to approximately 35,000 cy- 
cles, and accelerated wear thereafter led to heavy wear at 1,06,120 cycles. 
Rapid wear in austenitic steel in the initial stage was slowed down due to 
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strain hardening at the latter stage. Ferritic stainless steel showed a long 
steady-state wear state after the initial or run-in wear (Fig. 4.19). 

The frog wear values at 106,120 cycles for ferritic stainless steel, aus- 
tenitic stainless steel, and rail stainless steel are 0.14, 0.41, and 0.74 mm 
(5.5, 16, and 29 mils), respectively. With a tolerance limit of 6 mm wear, 
the life of crossings made with rail steel, weld overlay of austenitic 
manganese steel, and ferritic stainless steel are approximately 8, 15, and 
34 GMT, respectively. Extensive field trial results indicate the average 
(statistical) life of crossings with rail steel, stainless manganese steel, and 
duplex stainless as 10, 24, and 48 GMT, respectively (Ref 4.31). 

Corrosion Fatigue. In normal fatigue testing of smooth specimens, ap- 
proximately 90% is spent in crack nucleation and the remaining 10% in 
crack propagation. However, in corrosion fatigue, crack nucleation is fa- 
cilitated by corrosion; typically, approximately 10% of life is sufficient 
for this stage. The rest (90%) of life is spent in crack propagation. Thus, it 
is more useful to evaluate crack-propagation behavior during corrosion 
fatigue. 

Generally, there is a threshold stress-intensity range, below which crack- 
propagation velocity is insignificant. Near the threshold, crack-propagation 
velocity increases with increasing stress-intensity range. In the second re- 
gion, the curve is nearly linear and follows the Paris law. In the third re- 
gion, crack-propagation velocity increases rapidly, with the stress-intensity 
range leading to fracture at the fracture toughness value. 

The combined effects of corrosion and fatigue on critical crack lengths 
in original-equipment-manufactured (OEM) and age-degraded material 


0.8 


A Austenitic stainless steel 
Ferritic stainless steel 
O Rail steel 


0.6 


0.4 


Wear, mm 
Wear, mils 


0.2 


0 
8,760 17,520 35,040 52,660 70,060 106,120 
Number of cycles —> 


Fig. 4.19 Wear-simulation test results for rail frog and wheel. Wear of frog 
vs. number of cycles wheel impacted on frog. Rail steel composi- 
tion is Fe-0.4C-1.5Mn. 
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and the number of cycles to reach the respective critical crack sizes are 
shown in Fig. 4.20 (Ref 4.32). 

Curves 3, 2, and 1 represent life cycles for traditional OEM single 
crack, OEM single crack with 10% stress increase, and multicrack age- 
degradable materials, respectively. The reduction in critical crack length 
from multicrack age-degradable material (curve 1) leads to low remaining 
useful life. For example, an initial flaw size of 0.0838 mm (0.0033 in.), 
including all age-based effects, reaches the critical crack lengths for age- 
degradable scenarios of approximately 15 to 17 mm (0.6 to 0.7 in.) within 
10,000 cycles (Ref 4.33). Traditional OEM single-crack material shows 
long steady-state or working life (curve 2) before reaching long critical 
crack length. However, a 10% increase in stress level in the OEM material 
reduces the life cycle (curve 2) in comparison to the OEM without extra 
stress (curve 3). 


Surface Fatigue Wear of Ceramic Materials 


Ceramic materials show low wear when exposed to low-angle impact- 
ing particles, due to high hardness and stiffness. For high-angle erosion, 
ductile materials are usually preferred, due to their good crack-resistance 
properties. However, for mixed-abrasive erosion and impact wear, metal- 
matrix composites (MMCs) provide a partial solution to the wear problem. 

The hardness of the eroding particles and the fracture toughness of ma- 
terials influence the erosion rate (Ref 4.34). To study surface fatigue wear 
(SFW), a test system was developed whereby a hard metal indenter cone 
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Fig. 4.20 Schematic of corrosion fatigue combined model. OEM, original 
equipment manufacturer. Adapted from Ref 4.32 
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repeatedly strikes the material surface. The tests were conducted for 
30,000 cycles with a normal load of 1500 N. Test results are shown in 
Table 4.5. 

The SFW depends on the number of cycles (N). The SFW of MMC and 
Weartec starts at single loading, and removal of material occurs at a low 
number of cycles, N < 10. For tough Hadfield steel, the removal starts at 
N > 50. The MMC shows a maximum wear volume of 29.4 mm? in com- 
parison with the substantially low wear volumes of Hardox and Hadfield 
steels at the same load and cycles. Although mass loss of Hadfield steel 
started late, its total volume loss is the same as that of Hardox. Weartec 
(HSS), with uniformly high hardness, shows the lowest surface fatigue 
weal. 


Tool Life-Cycle Improvement through 
Green Surface Engineering 


Surface engineering can substantially improve the life cycle of machine 
tools. The improvement from a very short life span of an uncoated tool to 
33 times by coating is discussed in detail in this section. 

The tool life cycle involves progressive degradation by all major aging 
processes, except erosion (Fig. 4.21). The major wear modes responsible 
for the degradation process include abrasion, adhesion, and thermal. The 
wear mechanisms in cutting operations include adhesion of sliding sur- 
faces; abrasion due to chips, turnings, and hard particles; and thermal pro- 
cesses, suchas diffusion of elements and oxidation at elevated temperatures. 
The cumulative effect of repeated loading leads to fatigue wear and reduc- 
tion in fracture toughness of the tool. Applied load at elevated temperature 
can cause creep failure of the tool. 

Wear of cutting tools can be attributed to abrasion, adhesion, diffusion, 
fatigue, creep, and other processes, including tribochemical wear. The ap- 
proximate proportions of each aging process under ideal conditions are 
given in Fig. 4.22. However, the contributions of different aging processes 
in the life cycle depend on such operating parameters as speed and load 
and the tool material. The predominant forms of wear in material-removal 


Table 4.5 Structure, hardness, density, and fatigue wear of selected materials 


Surface fatigue 
wear volume 
Density, (30,000 cycle and 


Material Structure Hardness g/cm? 1500 N), mm? 

Metal-matrix composite (powder Cr steel + 20% VC +20% WC 550/1540 HV 9.9 29.4 
metallurgy, hot isostatic pressed) 

Weartec (spray formed) High-speed steel 60 HRC T3 0.7 

Hadfield steel Austenitic 180-220 HB 7.8 2.3 


Hardox 400 steel Tempered martensite 380-410 HB 7.8 2.3 
Source: Ref 4.34 
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Wear of cutting tools 
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Fig. 4.21 Tool wear types in cutting processes 
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operations are abrasion, adhesion, and diffusion. These three primary 
wear processes account for 60% of the degradation in the life cycle of 
tools (Fig. 4.22). Tool life ends with blunting of the cutting edge. The rest 
of the aging processes consist of fatigue (due to repetitive loading cycles), 
fracture toughness (low fracture toughness of high-hardness tool materi- 
als), and creep (elevated-temperature creep due to frictional heat). 
Elevated-temperature wear processes in tools are either diffusion or 
plasticity controlled. Both interstitial and substitutional diffusion (d) 
occur within a range of 500 to 950 °C (930 to 1740 °F). Temperature is an 
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important parameter for diffusion. An increase in temperature at the cut- 
ting edge leads to higher diffusion wear of the tool. Higher adhesive wear 
occurs due to high load, speed, and friction coefficient. Entrapment of 
chips and hard particles from tools is mainly responsible for abrasive 
wear. Safe operating parameters can be obtained from the wear map of a 
cutting tool material (Fig. 4.6). 

Degradation due to creep, fatigue, and fracture toughness depends on 
the initiation and propagation of subsurface cracks, leading to tool failure. 
Therefore, their effect on the wear process is negligible at the initial stages, 
unlike abrasive or adhesive wear, which starts from the beginning. The 
full life cycle of the tool until failure includes all the wear processes, as 
listed in Fig. 4.22. However, tool life is determined by the flank-wear 
value, beyond which the blunt tool shows poor performance. Normally, a 
fixed flank-wear value (for a given tool material) is assigned to mark the 
end of the tool life cycle (Table 4.6). The wear life of a tool in such cases 
does not include the final stage to failure. 

Evaluation of the Performance of Cutting Tools. Flank wear of cut- 
ting tools is often selected as the tool-life criterion, because it determines 
the diametric accuracy of machining as well as its stability and reliability. 

The flank, or the horizontally inclined surface of the tool that is at an 
angle with the workpiece, is known as the relief angle (Fig. 4.23). The 


Table 4.6 Typical flank-wear limits to mark end points 
in wear-life cycles 


Flank-wear land 


Average wear Maximum local wear 
Operation and material mm in. mm in. 
Turning 
HSS 1:5 0.060 1.5 0.060 
Carbide 0.45 0.015 0.9 0.030 
Face milling 
HSS 1.5 0.060 1.5 0.060 
Carbide 0.45 0.015 0.9 0.030 
End milling—slotting 
HSS 0.30 0.012 0.50 0.020 
Carbide 0.30 0.012 0.50 0.020 
End milling—peripheral 
HSS 0.30 0.012 0.50 0.020 
Carbide 0.30 0.012 0.50 0.020 
Drilling 
HSS 0.45 0.015 0.45 0.015 
Carbide 0.45 0.015 0.45 0.015 
Reaming 
HSS 0.15 0.006 0.15 0.006 
Carbide 0.15 0.006 0.15 0.006 
Tapping 
HSS Go/no-go gage Tap fracture 


HSS, high-speed steel. Source: Ref 4.35 
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standard method of flank-wear measurement is adopted to assess the wear 
life of the tool (Fig. 4.24). Flank wear appears in the form of a so-called 
wear land and is measured by the width of this wear land, VB (in mm) in 
Fig. 4.24. Uniform wear occurs in the flank, resulting in the flank-wear 
land. 

Taylor’s equation relates tool life (T) with cutting speed (V) as: 


VI"=C (Eq 4.9) 


where V is the cutting speed (ft/min), T is the cutting time between re- 
sharpenings, and C is a constant. 

The values of constants C and n are obtained by testing cutting tools at 
different cutting velocities and using a tool-life criterion to establish the 
point at which the useful life of the cutting tool has ended. The wear life 
is the time elapsed before tool replacement increases due to wear (Ref 4.35). 
The wear at the end of wear life is the wear limit of the tool. 

The wear on the flank or relief side of the tool (Fig. 4.24) is the most 
dependable guide to tool life. The limiting flank-wear values for tool life 
are indicated in Table 4.6 (Ref 4.35). A wear land of 0.45 mm (0.015 in.) 
on HSS and carbide is usually the end point in drilling (Table 4.6). 

Performance Tests of Uncoated and Coated Drills. Talib et al. (Ref 
4.36) conducted wear studies of uncoated HSS (M2-type) drills and drills 
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Fig. 4.24 Flank-wear measurement in accordance with ISO 3685-1977(E). 
VB, wear land 
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coated with TiN, TiCN, and TiAIN. The performance tests were conducted 
on a computer numerical-controlled milling machine at a spindle rotation 
of 1600 rpm and a feed rate of 20 mm/min. A carbon steel plate 30 mm 
thick was the testpiece, and the drill depth was set at 25 mm. The perfor- 
mance test results are tabulated in Table 4.7. 

Life-Cycle Analysis Based on Performance Test Results. Assuming 
flank wear of 0.45 mm as the wear limit of HSS drills, the life cycles of 
uncoated and those coated with TiN, TiCN, and TiAIN by physical vapor 
deposition (PVD) (Table 4.7) are plotted on the number of holes drilled 
to reach the flank-wear limit (Fig. 4.25). The initial stage in the life 
cycle of untreated HSS merged with the third stage, with virtually no 
second steady-state or working life. The steady-state working life of 
HSS drills improved substantially with the coatings. The life-cycle 
graphs in Fig. 4.25 show mainly the steady-state or working life span of 
the drills. In comparison to uncoated tool life, TiN, TiAIN, and TiCN coat- 


Table 4.7 Drilling tool performance test results 


No. Sample Microhardness, HV Friction coefficient Number of drilled holes Tool-life improvement 
A Uncoated 690 0.75 24 ai, 

2. TiN 1300 0.40 435 18x 

3, TiAIN 1600 0.30 668 27x 

4. TiCN 3000 0.25 812 33x 


Source: Ref 4.36 
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Fig. 4.25 Life cycles of uncoated and coated high-speed steel (HSS) drills 
showing flank wear vs. number of holes drilled. Flank-wear limit 
at 0.45 mm marks the end of the life cycle. 
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ings showed life-cycle improvements of 18, 27, and 33 times, respectively 
(Fig. 4.25). The TiCN coating led to maximum improvement in the life 
cycle of the tool. 

Life-Cycle Improvement and Tool Surface Hardness. The life cycle 
in terms of number of holes drilled versus surface hardness data is plotted 
in Fig. 4.26. There is a steady increase in life cycle at a constant rate from 
uncoated (690 HV) to TiN coated (1300 HV) and finally to TiAIN coated 
(1600 HV). The TiN coating on the HSS drill increases surface hardness 
610 units and leads to life-time improvement by 18 times. The hardness 
increase in the TiAIN coating compared to that of TiN is 300 units, and the 
corresponding life cycle improves by 9 times. However, further increase 
in coating hardness from TiAIN to TiCN by 1400 units results in a life- 
cycle increase by only 6 times. Rapid improvement of life cycle with 
hardness is observed up to a hardness of 1600 HV, beyond which there is 
marginal improvement in life cycle with an increase in hardness. 

Life-Cycle Improvement and Coefficient of Friction. Life-cycle im- 
provement with decreasing coefficient of friction does not follow a linear 
relationship. The large decrease in coefficient of friction values from 0.75 
(uncoated) to 0.4 (TiN coated) resulted in life-cycle improvement by 18 
times. The decrease in coefficient of friction by smaller amounts below 
0.4 leads to a steeper increase in life-cycle improvement (Fig. 4.27). The 
life cycle of TiAIN coating improves by 9 times over that of TiN coating 
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Fig. 4.26 Drill life-cycle variation with the surface hardness of uncoated and 
coated tools 
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Fig. 4.27 Variation in drill wear life with decreasing friction coefficient 


for a decrease in friction coefficient of 0.10. Similarly, the life cycle of 
TiCN shows improvement of 8 times to that of TiAIN coating for a small 
decrease of friction coefficient by 0.05. 

The increase in steady-state life cycle has also been reported in TiN- 
coated gear cutters (Ref 4.37), Al,O,-coated cemented carbides (Ref 4.38), 
and TiN-coated turning tools (Ref 4.39). 

Milovic et al. (Ref 4.39) and El-Bialy et al. (Ref 4.40) successfully used 
a model test for abrasive wear performance to optimize coating wear in 
the field of metal-cutting operations. They used Tabor abrasion test results 
of uncoated and coated tools and found good correlation with cutting tests. 

Additional benefits involve the use of higher cutting speed, reduction in 
the use of cutting fluid, and automation possibilities. Cutting fluids today 
(2014) cost companies up to 15% of their total production costs. High- 
speed cutting and dry machining involve extremely high temperatures at 
the cutting edge. The PVD coatings, such as TiAIN, have incredible ther- 
mal stability, hot hardness, and oxidation resistance and therefore can be 
run dry or with a very limited amount of cutting fluid. The PVD-coated 
cutting tools can cut extremely hard materials, for example, 63 HRC. Re- 
sharpening and recoating of cutting tools achieves the same performance 
as new coated tools. Life-cycle improvement by coating the drill at the 
OEM stage and subsequently in service at the maintenance and repair 
stages leads to enormous savings in energy, materials, and lubricant. 
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Prognostics—Improvement in Life-Cycle Prediction 
and Remaining Useful Life Determination 


Prognostics is an engineering discipline focused on predicting the time 
at which a system or a component will no longer perform its intended 
function (Ref 4.41). The predicted time becomes the remaining useful life 
(RUL), which is an important concept in decision-making for contingency 
mitigation. A potential use for prognostics is condition-based maintenance. 

Prognostics with good health-monitoring systems predict life span or 
RUL of aging components. A key aspect, missing in conventional meth- 
ods, is the capability to track performance with time. Assessment of RUL 
of critical components is an essential step before resurfacing. Resurfacing 
recommendations are normally made for components having RUL in the 
steady state. 

The RUL estimation of physical systems is based on their current health 
state and their future operation (Ref 4.42). The RUL estimation uses two 
main approaches: model based and data driven. The first approach is 
based on the utilization of physics of failure models of the degradation, 
while the second approach is based on transformation of the data provided 
by the sensors into models that represent the behavior of the degradation 
(Ref 4.42). 

Condition-based maintenance (CBM) is done according to the esti- 
mated or measured health condition of the real equipment, potentially 
through sensors present on the industrial equipment. In the framework of 
CBM, failure prognostics is considered to be one of the main processes 
permitting RUL estimation before the failure of a given industrial system 
(Ref 4.43). 

Material Prognosis Based on Physics of Failure. Model-based prog- 
nostics (Ref 4.44) is based on physics of failure and RUL prediction of 
critical physical components by the use of mathematical or physical mod- 
els of the degradation phenomenon (crack by fatigue, wear, corrosion, 
etc.) (Ref 4.44, 4.45). 

The concept of material prognosis based on physics of failure was in- 
troduced by the U.S. Department of Defense (Defense Advanced Research 
Projects Agency) for the upkeep of equipment in good health and start- 
ready condition for 24 h. Good health-monitoring systems combined with 
appropriate remedies at maintenance and repair stages led to improved 
performance, reliability, and extended life cycle of the assets, such as ad- 
vanced military hardware and civil aircraft (Ref 4.45). 

In military aircraft, the turbine engines represent a crucial high- 
technology system that often controls asset readiness. Turbine engines 
contain a wide variety of components (disks, blades, vanes, cases, bear- 
ings, shafts) and pose a range of difficulty levels for materials damage 
prognosis. 
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Aging processes include creep, fatigue, and stress corrosion. The 
steady-state crack growth rates in creep, fatigue, and stress corrosion fol- 
low the Paris equation (Eq 4.5). 

The life of a component is assessed from the time (creep) or cycles 
(fatigue) required for a defect of size a to grow to the critical defect size, 
a, This is evaluated by integrating the Paris equation (Eq 4.5): 


For fatigue crack growth: N, = Í da / A(AK)" (Eq 4.10) 


where N, is the number of cycles for a crack to grow from a to the critical 
size, ad. 


For creep crack growth: t; = Í da / A(C')" (Eq 4.11) 


a 


where AK and C' are functions of defect geometries, and A and n are con- 
stants. The time span for crack growth from a to critical size, a„ is de- 
noted by t; 

The probabilistic life cycle is defined by time, where overlap occurs 
between critical defect size and actual defect size distributions (Fig. 4.28) 
(Ref 4.45). 

Designed life, based on the available test data of aging processes, speci- 
fies defect size, number of fatigue cycles, and microstructures to mark the 
end of residual life. High safety limits in design are partly due to inaccura- 
cies in the data as obtained in the laboratory and do not take into consid- 
eration field or health-monitoring data. Most of the critical components in 
high-risk areas, such as jet engines, are replaced after the theoretical or 
design life limits are over. However, with improved nondestructive evalu- 
ation (NDE) and life monitoring, most of the components still have a us- 
able life (Fig. 4.29) (Ref 4.45). 


Probability 


a ace - Time or cycle 


Fig. 4.28 Schematic of failure probability diagram. Estimated probable life 
is in the shaded region. Source: Ref 4.45 
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Life span for higher tolerable defect size (N,) than the initial size (N;) 
leads to life-cycle improvements (Ref 4.45), as shown in Fig. 4.30(a). 

Figure 4.30(b) indicates the predicted lower tolerance limit (curve I). 
The frequency of failure occurrence is high (curve II) but considerably 


less (curve III) in actual practice. 


Figure 4.30(c) shows the cumulative effects of improvements in current 


predicted life: 


New extended life = Current predicted life + Life due to improved NDE 
+ Life due to improved prediction + Life due to health monitoring 
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Prognosis of Data-Based Remaining Useful Life Assessment. The 
data-driven prognostics (Ref 4.44) for RUL aim at transforming the data 
provided by sensors into relevant models (which can be parametric or 
nonparametric) of degradation behavior. 

Nondestructive sensing techniques for monitoring wear, deterioration, 
and failure of the engineered surfaces include important information on 
the dynamics of wear processes. In comparison to conventional postmor- 
tem analysis, the health-monitoring system has the advantage of knowing 
the time when the component is to be sent for restoring original health by 
resurfacing before it is damaged beyond repair. Wear processes alter one 
or more of the following surface layer properties: 


° Thickness reduction occurs with progress of the wear process. The 
NDE techniques include thin-layer activation and acoustic emission 
(Ref 4.2). 

e Hardness is altered due to strain hardening in the wear process. The 
NDE equipment includes ultrasonic hardness testers. 

e Microstructure is altered due to strain-induced transformation (e.g., 
Hadfield steel) or frictional heat. Replicas of prepared surfaces reveal 
microstructural features in optical or electron microscopy. 

e Composition is changed by loss of surface layer due to wear. The com- 
positional gradient across the thickness in diffused or welded surface 
layers leads to different compositions in successive layers. Also, fric- 
tional heat leads to surface oxidation and melting with progression of 
the wear process. Portable emission spectrometers can be used to as- 
certain surface chemical composition. 

° Roughness changes are due to wear scar formations. Stylus instru- 
ments, scanning electron microscopy, and various optical methods 
(Ref 4.4) can be used to measure surface topography. 

e Wear and friction alter stresses in the surface layer, both in type (com- 
pressive to tensile) and amount. Various noncontact methods are avail- 
able (Ref 4.4). 


Apart from the NDE methods listed previously, a variety of methods 
are available to assess the condition of systems/equipment and to deter- 
mine residual life. These include: 


e Vibration monitoring and analysis 

° Thermography 

e Passive ultrasonics 

° Lubricant and particle wear analysis (oil analysis) 
e Electrical condition monitoring 


The RUL of industrial equipment or components is the remaining 
working life (in the steady state) before rapid failure in the third stage. 
Condition-based maintenance, such as resurfacing of a worn component, 
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is recommended based on the quantum of RUL in the aged material. Re- 
surfacing is carried out until the RUL permits CBM. The life cycle of 
equipment or components is extended by several fold with a large number 
of resurfacings. 

Assets-Management Methodologies. Some of the asset-management 
methodologies include: 


e Terotechnology, where multidisciplinary engineering and manage- 
ment techniques are used to protect equipment and machinery from 
degradation (Ref 4.42). Terotechnology (from the Greek word tereo 
meaning to take care of, look after, or guard over) has the technology 
to prevent the plant, equipment, and machinery (assets) from degrada- 
tion through a system approach of multidisciplinary engineering and 
management techniques, with the objective of improving performance 
(Ref 4.4). Terotechnology was first introduced in the British military to 
keep their weapons and carriers in ready-to-start condition for 24 h, 
and later on in other industries (Ref 4.4, 4.46). 

e A present-day concept of reliability, availability, and maintainability 
of the plant, equipment, and machinery through a total-care system 
based on similar management techniques as followed in asset manage- 
ment by terotechnology. This includes integrated life-prediction sys- 
tems of materials in different aging processes, such as creep, fatigue, 
fracture, and environmental degradation processes such as wear and 
corrosion (Ref 4.47, 4.48). 

e Horst Czichos’s systems approach, where appropriate material is se- 
lected by checking properties against tribological requirements under 
an operating environment (Ref 4.4, 4.49) 


Summary 


Surface engineering extends material life span by minimizing the ex- 
tent of degradation through tribological interactions and associated aging 
processes. Surface engineering minimizes deterioration of individual wear 
processes, such as abrasion, adhesion, erosion, and corrosion, and also has 
an effect on other aging processes, such as fatigue, creep, and fracture 
toughness. Surface engineering not only reduces degradation in tribologi- 
cal processes but also restores the normal three-stage life with extended 
steady-state phase (service life) by decreasing the severity of the wear 
envelope. Examples are discussed of life-cycle improvement by green 
surface engineering in aging processes such as abrasion, adhesion, ero- 
sion, fatigue, creep, crack growth, and fracture toughness. A typical ex- 
ample is restoration of the three-phase life cycle by a PVD coating on an 
HSS cutting tool from a single-stage short life span of uncoated HSS tool. 

Further extension of life is possible by prognosis of the degradation 
processes (fatigue, creep, and corrosion) and by tracking performance 
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with time in assessing RUL. The RUL helps to plan a resurfacing and 
maintenance schedule. Resurfacing provides an extended life span. Life- 
cycle extension of mechanical components causes enormous savings in 
energy and nonrenewable resources. Extended life reduces the carbon foot- 
print of a component and improves productivity and energy efficiency. 
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CHAPTER 


Tribological Applications 


ENERGY EFFICIENCY AND CONSERVATION OF ENERGY in in- 
dustries are key instruments to reduce greenhouse gas emissions. 

Industrial emissions are the prime sources of anthropogenic greenhouse 
gases. The major emitting industrial sectors include thermal power gen- 
eration, transportation, manufacturing, and construction. Hence, enhance- 
ment of energy efficiency in relevant sectors is an important aspect of the 
mission to reduce global warming. Improvements in energy efficiencies 
reduce fossil fuel consumption in sectors such as power generation and 
transportation and reduce carbon footprints of products in the manufactur- 
ing sector. 

Assets are possessions with valuable quality. In an industrial environ- 
ment, engineering assets are the valuable equipment and machinery that 
are possessed by industries to run various operations, such as: 


e Mining and processing of minerals for use as raw material for subse- 
quent manufacturing 

e Manufacturing goods, such as steel, cement, chemicals, and petro- 
chemicals 

° Generating power through thermal, hydro, nuclear, or other energy 
sources 

e Moving man and materials through rails, automobiles, and aircraft 

° Keeping defense equipment (i.e., missiles and military aircraft) in 
ready-to-start condition, 24 h/day 


Tribological interactions among various components in running equip- 
ment adversely affect the process and energy efficiency. The dimensional 
loss of interacting components by wear leads to a gradual decrease in 
process efficiency and productivity. With progressive degradation of criti- 
cal components, the amount of energy required to maintain operation of 
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the equipment increases, and more energy is wasted in the form of fric- 
tional heat, leading to premature failure. The major objective of green 
tribology is to reduce energy and material loss from components subjected 
to tribological interactions within the wear envelope. 

It is possible to achieve the green objective by engineering the surface 
properties, or by changing the wear envelope, or both. The extent of deg- 
radation of the components depends not only on surface properties but 
also on the wear envelope in the particular working environment. The 
operational parameters and wear environment in an application dictate the 
performance and life span of the component. The same component in the 
same type of application responds differently if there is a change in wear 
environment. For example, the wear rate of CA-6NM runner blades in a 
hydroturbine is completely different in low-silt water compared to that of 
high-silt water. The change in wear envelope in an unlubricated wear ap- 
plication is a difficult proposition and, in general, an impossible task. An 
alternative is the process of engineering the surface properties of the com- 
ponent in the given application. Application-oriented tribological studies 
of components in different industrial sectors provide surface-engineering 
solutions to improve energy efficiency. 

Green tribology plus surface engineering enhances the capabilities of 
wear-resistant surfaces to cope with more hostile environments, leading to 
increases in overall energy efficiency in advanced engineering applica- 
tions. 


Energy Loss due to Wear and Friction 


The Energy Conversion and Utilization Technology program of the De- 
partment of Energy prepared a survey report on energy loss due to wear 
and friction in industry, and it included the identification of key tribologi- 
cal sinks and how to reduce loss. The report listed industrial operations 
with significant wear and energy loss (Table 5.1) (Ref 5.1, 5.2). While 
estimates vary on the total amount of energy lost to wear and friction of 
material, even the most conservative figures correspond to an astounding 
loss of over 4 quadrillion Btu, or 4 x 10!° Btu (1978 figure), each year in 
the United States (Ref 5.1). 

The main features of the survey report (Ref 5.1) are: 


° Tribological losses are pervasive throughout industry. However, in- 
dustries such as power generation and transportation account for a 
huge amount of energy loss and therefore constitute the most signifi- 
cant tribological energy sinks. 

° Losses from material wear are greater than energy loss due to friction. 
Wear loss is found to be several times more than the loss due to fric- 
tion. However, the reverse is the case in the metalworking industry, 
where frictional loss is almost 3 times that of wear loss. 
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Table 5.1 Industrial operations with significant annual wear and energy loss 


Industry Operation Loss mass(a), 10? Btu 
Utilities (28% total U.S. consumption) Seals 185 
Accessories 120 
Bearings 55 
Reliability 145 
Total 505 
Transportation (26% total U.S. consumption) Brakes (b) 
Valve trains (b) 
Piston ring assemblies (b) 
Transmission (b) 
Bearings (b) 
Gears (b) 
Total (b) 
Mining Ore processing 22.80 
Surface mining 3.26 
Shaft mining 0.70 
Drilling 5.58 
Total 52.34 
Agriculture Tillage 6.85 
Planting 2.47 
Total 19.32 
Primary metals Hot rolling 4.30 
Cold rolling 0.14 
Total 14.44 
(a) Assumes 19.2 x 106 Btu per ton of energy represented in lost weight of steel. (b) Loss mass not estimated. Source: Ref 5.2 


e The study concluded that reducing material wear rates to improve 
equipment life and reliability would significantly improve productiv- 
ity. The improvement of process efficiency would substantially reduce 
energy loss. 

° In the metalworking industry, the tribological loss in energy is 27.9 x 
10! Btu, of which frictional loss accounts for 20.2 x 10” Btu, and 
wear loss is equal to 7.7 x 10! Btu. Advanced surface-engineering 
processes can reduce frictional loss by 9%, that is, 1.8 x 10!* Btu, and 
wear loss by 71%, that is, 5.5 x 101? Btu per year. 

° For the automotive sector, total energy loss due to wear and friction 
amounts to 19 x 101° Btu, of which 21.5% can be saved by surface 
engineering. 


The calculated reduction in CO, emission (based on a conversion figure of 
6.8956 x 10°“ metric tons CO,/kWh) (Ref 5.3) is 213.76 x 10° metric tons 
of CO,,. 

Incorporation of degradation-resistant materials and surfaces in the most 
energy-intensive industries is expected to conserve significant amounts of 
energy in terms of trillion Btu (1 trillion = 10'* Btu). 

The strategy for energy savings and limiting carbon emission involves 
(Ref 5.1): 


e Identification of typical tribology energy sinks in industry 
e Reduction of tribological losses in major emitting industries, such as 
power generation and transportation 
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° Use of the energy-conservation potential of newer material and modi- 
fied surfaces in industrial applications 


Advanced surface-engineering processes have not only made it possible 
to reduce wear and friction but also to improve the life cycle of critical 
components by several fold. 

The major energy sinks in the past, such as utilities, transportation, and 
manufacturing industries, remain the main areas of concern even today 
(2014). Globally, the three major emitting sectors include power (40%), 
manufacturing industries (28%), and transportation (21%), accounting for 
89% of greenhouse gas emission. 

During the last three decades, there has been a large increase in emis- 
sion and corresponding energy loss in these ever-expanding major tribo- 
logical energy sinks. Fortunately, the tremendous progress in green surface 
engineering has been able to cope, in part, with the higher tribological 
losses. An important aspect of recent developments is the use of green 
surface-engineering technologies to overcome material constraints in newly 
developed energy-efficient processes, such as supercritical thermal power 
plants and modern fuel-efficient jet engines with high turbine entry tem- 
peratures. The enabling technologies have led to vast improvement in pro- 
cess efficiency, energy, and material savings. 

The CO, emission figure in 2009 was 30.398 billion tons, an increase 
of 45% between 1990 and 2010. Emissions reached an all-time high of 
33 billion tons in 2010, driven by global demand for power and transport 
(Ref 5.3). 

Globally, 86% of electrical energy is generated by the use of fossil fuel, 
resulting in 40% of the greenhouse gas emissions. The major part of this 
energy forms the input for running the equipment and machinery. Energy 
efficiency is an important factor in reducing power consumption. 

Long-term global growth in CO, emissions continues to be driven by 
power generation and road transport, both in industrial and developing 
countries. Globally, they account for approximately 40 and 15%, respec- 
tively, of the current total, and both have consistent long-term annual 
growth rates of between 2.5 and 5% (Ref 5.3). 

Estimated Current Carbon Dioxide Emissions. With an emission fac- 
tor of 6.8956 x 10 metric tons CO,/kWh (Ref 5.4), the calculated anthro- 
pogenic CO, equivalent emission due to 4 quadrillion Btu energy by wear 
and friction (Ref 5.1) amounts to 8.08 x 10!! metric tons, or 0.808 billion 
metric tons in 1978. Assuming an average growth rate of 3 to 5% per year 
in all of the sectors, the proportional increase in anthropogenic emission 
due to energy loss by material degradation (3 to 5% per year compounded 
for 32 years, from 1978 to 2010) amounts to 2.080 to 3.467 billion metric 
tons. The estimated indirect emission due to wear and friction is therefore 
6.3 to 10.5% of total global emission at 33 billion tons in 2010. 

Energy-Saving Potential through Surface Engineering. Wear (vol- 
ume) is directly proportional to the energy dissipated. The range of the 
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wear coefficient (K) indicates the possible extent that wear and energy 
loss can be controlled (Table 5.2) (Ref 5.5). Similarly, the variation in 
coefficients of friction indicates the extent of possible energy savings. The 
coefficients of friction vary from 0.8 to 0.02, thus allowing the possibili- 
ties of reducing energy dissipation by 400 times with a suitable friction 
pair from modified surfaces. 

In real-life situations, the life span of a component depends on a combi- 
nation of degradation processes. Normally, surface-engineering processes 
are selected to minimize the predominant wear process or processes in an 
application. There are opportunities to improve the tribological properties 
of engineering components (energy sinks) in both original equipment man- 
ufacturing (OEM) and maintenance and repair (M&R) stages. 

Improvement in surface properties at the OEM stage increases the de- 
sign life of equipment. Improvements in tribological properties at the 
M&R stages lead to life-cycle extension by several fold. The M&R prac- 
tices with the objective of improving tribological properties have been 
termed green maintenance. Green maintenance enables recycling of scrap 
after reconditioning with improved tribological properties. Energy effi- 
ciency is therefore the cornerstone of green maintenance. 

Application-Oriented Tribological Loss Reduction in Major Sinks. 
The high-wear and friction-prone components in a particular application 
contribute most to the dissipation of energy in major emitting industries. 
These components are known as critical components. It is necessary to 
identify those components and improve their wear-resistant capabilities 
in order to reduce tribological loss and enhance the energy-conservation 
potential. 

Globally, the three major emitting sectors include power (40%), manu- 
facturing industries (28%), and transportation (21%), accounting for 89% 
of greenhouse gas emissions (Fig. 1.13 in Chapter 1 of this book). The 
countrywide ranking varies. For example, in the United States, the trans- 
portation industry is the second-largest emitter next to power generation 
and ahead of manufacturing industries (Ref 5.6, 5.7). 


Table 5.2 Wear types, wear coefficient ranges, and extents of wear and energy 


loss 
Maximum change in wear 

Wear coefficient Range of wear coefficient and energy loss by x times Examples in major industries/components 

Kuan 07 to 107 10° times Transportation (gears, shafts, cam 
lobes, piston rings, rail/wheel, rotor 
blades/engine casing) 

K,, (two-body) O° or 1075 10? times Earthmoving equipment (classifiers, 
slurry pumps, cyclones, augers) 

K,, (three-body) 0-4 to 10° 1025 times Mineral processing (ball and rod mills, 
pulverizers, coal grinding, roll 
crushers) 

Ka 0-5 to 10755 104 times Power plants (turbine blades, valves, 
induced-draft fans) 

Kooy 107 to 1055 10°5 times Gas turbine components, chemical and 
petrochemical 

Keret 0 to 1077 10° times Bearings, bushings, industrial chain 


components 
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Power-Generation Industries 


Fossil-fuel-based thermal power plants provide for most of the power 
requirements. They are also the major tribological sinks. Hydroelectric 
power plants rank next to thermal in terms of bulk supply. Hydroelectric 
generating plants do not emit greenhouse gas. However, running the plants 
in severe wear-environment locations makes them tribological sinks. Al- 
ternate clean-energy generation from sources such as wind and solar beams 
supplies a minor portion of the power requirements. 


Thermal Power Plants 


According to the U.S. Energy Information Administration, fossil-fuel- 
based thermal plants accounted for 86% of global energy consumption in 
2004 (Ref 5.6). 

The recent International Energy Agency (IEA) report (Ref 5.7) includes 
estimated energy-related carbon dioxide emissions in 2010 at a record 
30.6 Gigatonnes (10° tons = Gt), compared to CO, emission of 29.3 Gt in 
2008. To achieve the goal of limiting global warming to 2 °C (3.6 °F), as 
agreed to at the 2010 United Nations Climate Change Conference in Can- 
cun in 2010, global energy-related emissions in 2020 must not be greater 
than 32 Gt. This means that over the next 10 years, the emissions rise 
should be less in total than it was between 2009 and 2010. In terms of 
fuels, according to the IEA, 44% of the estimated CO, emissions in 2010 
came from coal, 36% from oil, and 20% from natural gas. The world’s 
top-ten power sector emitters in absolute terms include China (No. 1), the 
United States (No. 2), India (No. 3), Russia, Germany, Japan, the United 
Kingdom, Australia, South Africa, and South Korea (No. 10). If the 27 
member states of the European Union are counted as a single country, the 
European Union would rank as the third-largest CO, polluter, after China 
and the United States (Ref 5.7). 

There is an urgent need to improve the efficiency of power generation 
from fossil fuels so as to minimize carbon emission per unit of power 
production. Green tribology has a major role in improving the running ef- 
ficiency of both existing subcritical and newer supercritical power plants. 

The life of a thermal power plant is normally between 50 and 100 years. 
To cater to the growing demand for power, it is not possible to shut down 
the existing thermal plants, despite being the worst emitters of carbon di- 
oxide. The strategy involved in this sector includes: 


° Improvement in energy-generation efficiency of existing plants by 
prolonging equipment and plant life through the use of green mainte- 
nance practices 

* Development of newer surface-engineered materials to enable high- 
efficiency, superthermal power plants to operate at higher temperature 
and/or pressure 
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Approximately 86% of electrical energy is generated by the use of fossil 
fuel, resulting in 40% of the greenhouse gas emission. The efficiency of 
average coal-fired thermal plants is 27%. The savings in electrical energy 
consumption in industries leads to a substantial decrease in the greenhouse 
effect. Similarly, improvement to 40% in the average power-generation ef- 
ficiency in thermal power plants by using supercritical power plants leads 
to substantial reduction in greenhouse gas emissions. 


Efficiency Improvement in Thermal Power Plants 


Coal-based power plants account for 44% of the carbon dioxide emitted 
by power-generation industries. Lignite, subbituminous, and bituminous 
coal emit 0.9888, 0.9752, and 0.9435 kg (2.18, 2.15, and 2.08 lb), respec- 
tively, of CO, per kWh of electricity generation. The average emission 
from coal-fired power plants is 0.9717 kg (2.14 1b) per kWh. Oil produces 
0.7893 kg (1.74 lb) of CO, (average) per kWh, and the lowest emission is 
0.5534 kg (1.22 lb) per kWh by using natural gas (Ref 5.8). 

Coal-based thermal power plants are comprised of three major sections: 


e Coal-handling plant 
* Boiler 
° Generator 


Coal-Handling Plants. To improve combustion efficiency, the coal is 
pulverized to a fine size (Ref 5.9, 5.11). The list of selected items in coal- 
handling plants, including the type of wear and overlay materials and the 
processes normally used in routine maintenance, are indicated in Table 
5.3. Heavy wear in the coal-handling plant is due to the high ash content 
of the coal. In coal, free quartz is the major constituent of ash. The quartz 
content of ash is 20 to 60%, depending on the nature of the coal. For ex- 
ample, in bituminous coal, the quartz content in ash is 40 to 50%, while in 
some subbituminous coal, the quartz content can reach 60% and beyond. 
The hardness of quartz is 1200 to 1300 VPN and is mainly responsible for 
the severe abrasive wear in coal-handling plants (Ref 5.9). 


Table 5.3 Selected items for surfacing during maintenance and repair in a coal- 
handling plant 


Part description Wear type(s)(a) Process(b) Overlay materials 

Coal-crushing hammer (ring and I+A MMAW/FCAW Hadfield Mn steel and high-Cr iron 
toothed type) 

Coal chute lining A+F MMAW High-Cr iron/WC 

Screen plate A+I TS WC + Co/high-Cr iron 

Wagon tripper gear A+F Spray fuse NiCrBSiC powder of 50-55 HRC 

Conveyor teeth gear A+F Spray fuse NiCrBSiC powder of 50-55 HRC 

Coal nozzle E+T MMAW High-Cr alloyed iron 

Coal mill orifice E+A MMAW High-Cr iron/WC-Co 

Coal mill roller housing A MMAW AISI 312 

Multiport inlet E+A MMAW High-Cr iron 


(a) I, impact, A, abrasion; F, friction, E, erosion; T, thermal, (b) MMAW, manual metal arc welding; FCAW, flux-cored arc welding; TS, 
thermal spraying 
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Bowl mill liners are among the components facing heavy abrasive wear. 
The material of construction is normally Ni-Hard 4. The relative dry sand 
abrasive wear (ASTM G65) of Ni-Hard 4 varies between 2.36 and 3.28 
from the center to the bottom of the liner, in comparison to 15Cr-3Mo iron 
with a wear index of 1 (Ref 5.10). The use of 15Cr-3Mo weld overlay 
leads to substantial improvement in the life span of the liner. 

Maintenance and repair of a worn hammer is standard practice for in- 
creasing the life cycle by several fold and improving energy efficiency in 
the coal-based power plant. The hammer is normally made of wear- 
resistant high-chromium cast iron. After 10 to 15 mm wear, there is sub- 
stantial reduction in crushing efficiency, and the hammer must be rebuilt. 
The normal practice is to resurface with weld overlays of similar materi- 
als. However, a combination of Hadfield manganese steel and high- 
chromium iron is found to substantially improve the life span of the 
hammer. 

Boilers. Fossil-fueled boilers are either coal or oil fired (Ref 5.11, 5.13). 
In a fossil-fuel-fired boiler, fireside corrosion occurs in the furnace wall 
and the superheater and reheater areas, causing tube wall thinning and 
premature failure (Fig. 5.1). Surface-engineering solutions for these and 
other components are listed in Table 5.4. In oil-fired boilers, the vanadium 
and sulfur in the oil promote fireside corrosion. In coal-fired boilers, in 
addition to sulfur, the chlorine content of the coal is important in promot- 
ing corrosion. The rates can vary from less than 50 to 300 nm/h and more, 
thus giving tube lives ranging from more than ten years to two years or 
less (Ref 5.11). 

Erosion of boiler tubes is caused by the ash, the dust contents of the gas 
stream, and from the soot blower operation. Wear rates found in bitumi- 
nous coal are related to the quartz content of the ash. Moderately abrasive 
wear of 0.02 to 0.28 wear units were observed for 40 to 50% quartz, 
whereas 0.04 to 0.28 wear units were found in ash containing 50 to 60% 
quartz (Ref 5.11). In the high-temperature regions of the boiler, such as 
the furnace wall and superheater tubes, the erosion is at aminimum due to 
the formation of a high-hardness (550 to 600 HV) layer of vitrified silicate 
ash coating (Ref 5.11). 

Erosion damage occurs in low-temperature (primary) superheaters 
and reheaters and in the water preheater (economizer) of pulverized coal 
boilers. The rate-controlling factor is the velocity of the impacting par- 
ticles. 

The cost-effective solution to reduce wear due to corrosion and/or ero- 
sion in boiler tubes is to apply a wear-resistant coating by thermal spray- 
ing. Plasma spraying provides a dense, adherent coating of good quality. 
The best results for protection against erosion are obtained by thermal 
spray coating (0.75 mm thick) a composite powder consisting of a mixture 
of Cr,C, (75%) plus nickel-chromium. The high thermal conductivity of 
the composite makes it a preferred coating on boilers in comparison to the 
higher-erosion-resistant, insulating alumina coating (Ref 5.10). For corro- 
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Typical wear-prone areas of a coal-fired boiler. 1, waterwalls (com- 
bustion chamber); 2, secondary superheater; 3, economizer; 4, pri- 


mary superheater; 5, reheater; 6, soot blowers (superheaters); 7, soot blowers 


(combustion chamber) 


Table 5.4 Selected boiler components, wear, and wear surfacing 


Item 


Wear 


Surfacing material/process 


Economizer tubes 

Primary superheater tubes 

Reheater tubes (made of AISI 316 
stainless steel due to high 
temperature of 650 °C) 

Secondary superheater tubes 


Soot blower (secondary superheater) 
Combustion chamber soot blower 
Combustion chamber 

waterwalls 
Cyclone burner 


Source: Ref 5.8, 5.13 


Fly ash erosion 

Fly ash erosion 

Corrosion/oxidation/ 
fly ash erosion 


Corrosion/oxidation/ 
fly ash erosion 

Steam erosion 

Steam erosion 


Corrosion/sulfidation 


Fly ash erosion 


75CrC + Inconel (80Ni-20Cr)/plasma spray 

75CrC + Inconel (80Ni-20Cr)/plasma spray 

If sulfur corrosion is predominant, use 50Ni-50Cr/ 
plasma spray. If high ash erosion is predominant, 
use 75CrC + Inconel/plasma spray. 

If sulfur corrosion is predominant, use 50Ni-50Cr/ 
plasma spray. If high ash erosion is predominant, 
use 75CrC + Inconel/plasma spray. 

75CrC + Inconel 

75CrC + Inconel 

50Ni-50Cr 


75CrC + Inconel 


sion, 50Cr-50Ni alloy has outperformed all other coating materials. The 
Fe-Cr-Al alloy possesses fairly good corrosion-resistance properties but 
has a tendency to spall (Ref 5.8). 

A surface-engineered coating lasts longer and thus decreases the fre- 
quency of resurfacing during M&R. The long, reliable, efficient boiler 
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performance of surface-engineered boilers over the 50 to 100 years of 
plant life leads to huge energy and material savings. 

Protective Coating on Cooling-Water Systems. Thermal spray poly- 
meric coating is used to resist corrosion in cooling-water systems where 
sea or estuarine water is the cooling medium. The coating material used 
includes epoxy, polyester, and polyurethanes. Such coatings on steel and 
cast iron components prolong the lifetime by 2 or 3 times (Ref 5.11) that 
of a noncoated surface. 

Protective Coating on Induced-Draft Fans. An area of major concern is 
the heavy erosion by high-quartz ash in the flue gas in induced-draft (ID) 
fan blades. Wearfacing of leading edges of ID fan blades is mandatory in 
such cases. The material options for weld overlays vary from deposition 
of a self-fluxing composite of NiCrBSiC plus 50% WC to affixing a WC 
wearplate in the most severe wear situations (Ref 5.9). 

Turbines and Generators. Steam turbine plants use the dynamic pres- 
sure generated by expanding steam to turn the blades of a turbine. Gas 
turbine plants use the dynamic pressure from flowing gases (air and com- 
bustion products) to directly operate the turbine. Natural-gas-fueled (and 
oil-fueled) combustion turbine plants start rapidly and are used to supply 
peak energy during periods of high demand, although at higher cost than 
base-loaded plants. 

Combined-cycle plants have both a gas turbine fired by natural gas and 
a steam boiler plus steam turbine, which use the hot exhaust gas from the 
gas turbine to produce electricity. This greatly increases the overall effi- 
ciency of the plant, and many new power plants are combined-cycle plants 
fired by natural gas. 

Steam Turbines. The turbine blades attach to the turbine ring, which is 
connected to the generator. The steam from the boiler strikes the blades, 
causing the blades, disc, and shaft to spin. The turbine shaft turns on the 
bearings. Erosion of steam turbine blades is the major problem in power 
plants that leads to reduction of power-generation efficiency by the tur- 
bine. 

Normally, the moving blades of the last condensing stage are the ele- 
ments most likely to suffer the erosion phenomenon. Steam in the last 
low-pressure stage forms water particles, and the condensation products 
hit the blades, causing impingement wear. In turbine parts, erosion occurs 
where the high-wetness-fraction steam flow has a high velocity, especially 
in high-pressure cylinders, turbine casings, yokes, diaphragms, fittings, 
and other elements. Exfoliated scale from the boiler tubing results in hard 
particles that erode steam turbine components, particularly stationary and 
rotating blading. 

Erosive wear of moving blades by water droplets impinging against the 
leading edges of the blades as they lay in the steam path manifests itself 
first as rough spots, after which recesses, craters, and pits form on the 
surface, distorting the shape of the blade profile. As the result of a lengthy 
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operation, complete destruction of the top portion of the moving blade is 
possible. Erosion wear substantially decreases the mechanical strength of 
the moving blades and the stage efficiency. The failure mechanism of 
moving blades is mainly associated with fatigue, due to the action of high 
mechanical stress on the blade surface from impingement of water drop- 
lets. 

Apart from mechanical stresses, other factors, such as metal corrosion 
and cavitation, influence the process of erosion. Moisture distribution in 
the steam flow in the last turbine stage is substantially nonuniform in ra- 
dial direction. The highest concentration of moisture is observed at the 
periphery, so that the tip portion of the moving blades at roughly one-third 
of their height is primarily subjected to erosion wear. The protective coat- 
ings employed include high-velocity oxyfuel (HVOF)-sprayed WC-Co 
for severe erosion and CrC-NiCr for elevated temperatures (Ref 5.9). 
Physical-vapor-deposition-coated TiN has also been reported to reduce 
wear (Ref 5.12). In M&R, thermal spraying allows on-site resurfacing. 

High-Energy-Efficiency Supercritical and Ultrasupercritical Boil- 
ers. While efforts are directed toward improvements in the generation 
efficiency of existing thermal power plants, the technologies for new 
megacapacity thermal power plants are based on more efficient supercriti- 
cal and ultrasupercritical boilers. 

The average global efficiency of coal-fired plants is currently 27%. The 
technology to improve process efficiency in fossil fuel power generation 
is based on very high steam temperatures and pressures at the steam tur- 
bine inlet, much beyond the critical point of water. The term supercritical 
refers to thermodynamic equilibrium conditions, where both liquid (water) 
and gaseous (steam) phases exist together as a homogeneous fluid. In the 
supercritical stage, water exists at a pressure over 22.1 MPa (3205 psi) at 
the boiling point. Supercritical power-generation units feature once- 
through boilers designed to operate with pressures from 24 to 28 MPa 
(3500 to 4000 psi) versus 12 to 17 MPa (1800 to 2500 psi) for subcritical 
boilers. The temperatures of subcritical and supercritical units are approx- 
imately 538 and 566 °C (1000 and 1050 °F), respectively. In ultrasuper- 
critical, the temperature is approximately 700 °C (1290 °F) and above. 

Higher firing temperature and pressure improve the conversion effi- 
ciency, defined as the electricity generated per Btu of coal consumed. The 
ultrasupercritical unit operates beyond supercritical pressure and results in 
an improvement in generating efficiency of 55% and more compared to 
that of 27% for the conventional subcritical boiler. The emission figure is 
reduced to 500 g/kW from 1259 g CO,/kWh in conventional subcritical 
units (Fig. 5.2) (Ref 5.14). Ultrasupercritical power plants are normally 
designed to generate megascale power in the range of 1000 to 4000 MW 
and above. 

The high temperature and pressure in supercritical power plants require 
advanced materials and coatings to resist severe wear and corrosion at 
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Fig. 5.2 Improvement in efficiency and emission reduction in supercritical 

and ultrasupercritical boilers. IGCC, integrated gasification com- 
bined cycle; HHV, higher heating value. Note: 1% efficiency increase = 2 to 3% 
less emission. Source: Ref 5.14 


high temperatures. These extreme conditions require high-creep-strength 
constructional materials for items such as tubing. 

High-strength ferritic 9 to 12% Cr steels are now used for boilers up 
to 620 °C (1150 °F) and are found suitable for long-term service up to 
650 °C (1200 °F) and possibly 700 °C (1290 °F). Higher-creep-rupture 
materials, such as steels P91 to P92, austenitic stainless steels 18-8, and 
high-nickel alloys (Inconel 718), are some of the alternatives for ultrasu- 
percritical boilers. However, it is equally important to have advanced 
coatings to resist enhanced corrosion and wear of creep-resistant materi- 
als. The coating materials that form very stable alumina, chromium oxide, 
or silica layers are applied by different processes, such as physical vapor 
deposition, chemical vapor deposition, diffusion, and thermal spraying. 
Many types of thermal spray coatings currently find wide use due to sev- 
eral advantages over other techniques, including the potential for field ap- 
plication in large fossil fuel energy systems. The materials include 
alumina-forming iron aluminide by HVOF, silica-forming Mo-Si-B coat- 
ing by air plasma spraying, and chromia-forming Ni-50%Cr by HVOF 
(Ref 5.15). The Ni-50%Cr coating shows excellent performance in Niles 
service plant tests (Ref 5.16). 

The Ni-50%Cr, a well-established material for resisting oil ash corro- 
sion in power plants, oil refining heaters, and marine boilers, is found to 
give good protection in ultrasupercritical boilers up to 750 °C (1380 °F) as 
HVOF coating (Ref 5.17). 

In simulated tests in gas and gas/slag environments from 500 to 800 °C 
(930 to 1470 °F), aluminide coatings shows superior corrosion resistance 
to Ni-50Cr (Ref 5.16). 


Chapter 5: Tribological Applications / 251 


Similar to subcritical operations, apart from the boiler, the main wear- 
prone regions include wear of the steam-control valve (high-temperature 
steam at high pressure) and the turbine blades (thermal stress and particle 
erosion). 

Process-Control Valves. In addition to thermal power plants, process- 
control valves are used in petrochemical, chemical, and a host of other 
process plants. 

Sealing faces of process-control valves must be surfaced by wear- and 
corrosion-resistant alloys. The alloys used include Stellite 6, Inconel, 
Monel, and so on. The alloy selection depends on the wear environment in 
which the components must work during the operation. The most widely 
used process is plasma-transferred arc weld surfacing, with powder alloys 
as the consumable. Advantages claimed (Ref 5.9, 5.13) over the conven- 
tional welding process include: 


e Increase in productivity by 5 times 

e Less material consumption by 70% 

e Reduction in cost by 48% 

e Improvement of 100 to 200% in service life using the same hardfacing 
Stellite materials 


Hydroelectric Power Plants 


Hydroelectric is a clean source of energy with no direct emission of 
carbon. Norway leads the world with clean hydroelectricity constituting 
virtually the total domestic power production (98.9%). Although rich in 
fossil fuel resources, Brazil and Venezuela have made significant contri- 
butions in using clean energy, with shares of hydroelectricity in domestic 
power generation of 83.7 and 73.9%, respectively. Canada (57.9%) and 
Sweden (46.9%) have approximately one-half of their domestic produc- 
tion in hydroelectricity. The world average of hydropower is 16.4% of 
total power generation. The corresponding percentages of hydroelectricity 
to domestic power production for the United States is 6.8% and that of 
India is 14.3%. It is the most widely used form of renewable energy, 
accounting for 16.4% of global electricity consumption and 3427 terawatt- 
hours (TWh) of electricity production in 2010. Hydroelectric power- 
generation capacity has shown steady growth (Ref 5.6, 5.7). The generation 
of 3427 TW of electricity by hydroelectric plants saves 3.33 x 10° metric 
tons of CO, emission if fossil fuel is used for generation of the same 
quantity. 

The kinetic energy of water flow is used for power generation by run- 
ning a turbine. Because water is approximately 800 times denser than air, 
even a slow-flowing stream of water, or moderate sea swell, can yield 
considerable amounts of energy. 

Two main groups of water turbines include reaction and impulse types. 
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Reaction turbines are acted on by water, which changes pressure as it 
moves through the turbine and gives up its energy. They must be encased 
to contain the water pressure (or suction), or they must be fully submerged 
in the water flow. Francis and Kaplan turbines belong to this group. New- 
ton’s third law describes the transfer of energy for reaction turbines. Most 
water turbines in use are reaction turbines and are used in low- (<30 m, or 
98 ft) and medium- (30 to 300 m, or 98 to 984 ft) head applications. In 
reaction turbines, pressure drops occur in both fixed and moving blades. 

Impulse turbines change the velocity of a waterjet. Before hitting the 
turbine blades, the water pressure (potential energy) is converted to ki- 
netic energy by a nozzle and is focused on the turbine. The jet pushes on 
the curved turbine blades, which changes the direction of the flow. The 
resulting change in momentum (impulse) causes a force on the turbine 
blades. No pressure change occurs at the turbine blades, and the turbine 
does not require a housing for operation. Newton’s second law of motion 
describes the transfer of energy for impulse turbines. Impulse turbines are 
most often used in very high- (>300 m, or 984 ft) head applications. 

Hydroturbine components, such as guide vanes, runner blades, and fixed 
and moving labyrinths, are made from CA6NM material (cast AISI 410- 
type ferritic stainless steel), which exhibits excellent erosion-cavitation 
resistance in high-velocity water. However, these components show rapid 
wear in turbines when operated in high-silt-containing water. 

Components such as valves, spindles, and cones are coated with wear- 
resistant cobalt-base alloys (Stellites) in wear-prone surfaces. 

High-Silt Wear Damage of Hydroturbines in the Himalayan Re- 
gion. In the Himalayan regions of Nepal, Bhutan, and India, the silt con- 
tents in downstream rivers have shown large increases mainly due to 
heavy deforestation and consequent soil erosion at the foothills. A million 
tons of topsoil are washed (by erosion) from deforested mountain slopes 
in the Himalayan regions each year. Hydroturbines on the river streams in 
this region face severe wear due to high silt contents (up to 5000 ppm with 
50% quartz) in the river water (Ref 5.18). 

One of the worst-affected plants is located at Uttarkasi in India. The 
power plant is situated near the source of the Ganges River in an earthquake- 
prone region. A Francis turbine generates power in this plant. The submers- 
ible parts are subjected to extreme erosion wear. 

A Pelton wheel turbine is used at the Chuka power plant at Bhutan. 
High-silt river water causes severe damage to bucket wheels and valves. 

The flowing silt-containing water at high velocity causes heavy erosion 
of guide vanes, runners, and several other underwater components, in- 
cluding labyrinths. Premature plant shutdown for reblading becomes in- 
evitable. Severe wear damage of Francis runners is shown in Fig. 5.3(a) 
and (b). Similar high wear of Pelton wheel turbine buckets and valve are 
shown in Fig. 5.4(a) and (b). 
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Fig. 5.3 (a) Water damage of Francis runners by high-silt erosion. (b) Exten- 
sive wear damage of Francis runners by high silt. Both at Uttarkasi, 
India 


(b) 


Fig. 5.4 (a) High-silt wear of Pelton wheel buckets. (b) Extensive wear of 
Pelton wheel valve. Both at Chuka, Bhutan 


The silt erosion of hydroturbine runners in a plant down the river stream 
has a similar appearance to that of soil erosion in the adjacent uphill re- 
gions of the same river (Ref 5.4). The runner blade thickness is reduced by 
wear from 12 to 14 mm (0.47 to 0.55 in.) to 1 to 2 mm (0.04 to 0.08 in.) 
in a period of six months (Ref 5.18, 5.19). Reblading and restarting the 
plant takes 100 days for each unit every year. The average annual loss in 
power-generating capacity can be as high as 45% (Ref 5.20). 

The areas where wear-resistant coatings are required include guide 
vanes, runners, moving and static labyrinths, and stainless steel rings of 
bearing bodies. In Pelton wheels, severe wear-prone areas include buckets 
and valves. The normal practice is to rebuild the worn areas by welding 
during maintenance. The material used for surfacing is normally AISI 410 
(the same material as cast CA6NM) or easier-to-weld austenitic stainless 
steel, such as 309Nb or 316. These are the materials that have shown good 
performance in hydroturbines operated in low-silt water streams else- 
where. However, they fail in high-silt areas in the Himalayan regions. 

Wear-simulation studies showed excellent wear-resistant properties 
from weld overlays with Stellites (CoCrMC, where “M” is tungsten or 
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molybdenum), followed by a high-manganese plus high-chromium stain- 
less steel (FeMnCrC, Hadfield type) cladding (Ref 5.18), as discussed in 
Chapter 4 (Fig. 4.11) in this book. The limited field trials conducted on 
cladded guide vanes and runners showed good results (Ref 5.20, 5.21). 
Recent trials with thermal spray coatings of hard materials, polymer coat- 
ings, and plasma nitriding of the surface failed. 

In the Himalayan region, the heavy loss in clean power-generation effi- 
ciency in hydroelectric plants is compensated mostly by power from fossil- 
fuel-based thermal power plants. This problem has continued to persist for 
more than three decades. The avoidable carbon emission in this process is 
of grave concern to regulatory authorities. The National Hydroelectric 
Power Corporation of India, the nodal agency, described the high-silt ero- 
sion of runner blades as an “area of prime importance” and emphasized the 
need for an early solution to the “chronic problem” (Ref 5.22). 


Wind Turbines 


In generating power from wind, the driving speed of the airflow is used 
to run wind turbines. Modern wind turbines range from approximately 
600 kW to 5 MW of rated power, although turbines with a rated output of 
1.5 to 3 MW have become the most common for commercial use. The 
power output of a turbine is a function of the wind speed cubed. There- 
fore, with an increase in wind speed, the power output increases dramati- 
cally. Areas where winds are stronger and more constant, such as off-shore 
and high-altitude sites, are preferred locations for wind farms. Wind power 
is based on a renewable and sustainable resource and produces no green- 
house gas during operation. 

Wind strengths near the Earth’s surface vary and thus cannot guarantee 
continuous power; due to intermittent wind strengths, the capacity factor 
is 25%. This means that a typical 5 MW turbine in the European Union 
would have an average output of 1.7 MW. It is best used in the context of 
a system that has significant reserve capacity, such as hydro, or reserve 
load, such as a desalination plant, to mitigate the economic effects of re- 
source variability (Ref 5.4). 

Wind power is one of the fastest growing of the renewable energy 
technologies, although it currently provides less than 0.5% of global en- 
ergy. Over the past decade, global installed maximum capacity increased 
from 11 GW in 2000 to 64.7 GW in 2006, grew by 28% to 95 GW in 
2007, and grew by another 28% to 121 GW in 2008—a trend that is pro- 
jected to continue into the future (Ref 5.9, 5.23). According to the Global 
Wind Energy Council, global wind power plant capacity has grown fifty- 
fold in less than two decades, from 6100 MW in 1996 to 318,137 MW 
(318.137 GW) in 2013 (Ref 5.24). 

Wind power in the United States grew 45% in 2007. Wind power ac- 
counts for approximately 1% of the electricity generated in the United 
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States. This figure is expected to rise to 15% by 2020 (Ref 5.23). Wind 
power currently produces less than 1% of world-wide electricity use but 
accounts for approximately 20% of electricity use in Denmark, 9% in 
Spain, and 7% in Germany. 

The Department of Energy’s goal is to supply 20% of the nation’s elec- 
tricity with clean, renewable wind energy by 2030 (Ref 5.25). A 1.5 MW 
wind turbine (the most common size) annually displaces approximately 
3000 tons of CO, generated by fossil fuel such as coal (Ref 5.26). Global 
wind-power plant capacity of 121 GW would save approximately 242 x 
10° tons of carbon dioxide emission from fossil fuel plants. 

The enabling technology for efficient running of wind-power turbines 
in a severe wear environment is provided by surface engineering of wear- 
prone components. 

The estimated life of wind turbines is approximately 20 years compared 
to conventional steam turbine generator units, which average more than 
40 years. The tribological problems include: 


e Blade erosion due to hail, sand, and dust/salt particles 
° Tribocorrosion of blades and bearings 
e Reduction in wear life of the gearbox, bearings, and so on 


A major tribological challenge is the vulnerability and often premature 
failure of the costly gearbox, which is central to transferring the wind en- 
ergy captured by the blades to the electrical generator that converts it into 
power. Gears connect a low-speed shaft to a high-speed shaft to reach the 
rotational speed needed by most generators to produce electricity. 

The average gearbox life is 5 years versus the designed life of 20 years 
(Ref 5.27). 

Wear of Turbine Gearboxes. The sudden changes in wind speed, wind 
direction, varying ambient conditions, as well as contaminated lubricants 
can cause excessive wear of metal gear teeth, particularly in larger, heavier 
turbines. The gearbox poses a big challenge to tribologists, who have yet 
to come up with a solution to reduce excessive wear of gear teeth and 
stress on the bearings. Some efforts are focused on alternatives that do 
away with the gearbox altogether, but there are weight, cost, and other is- 
sues with direct-drive systems, too. 

The conventional fast-speed-geared wind turbines make up 85% of the 
new global wind capacity, with the remaining being nongeared, direct- 
drive turbines. Wind power is so important to the United States that in 
2007 the Department of Energy formed a Gearbox Reliability Collabora- 
tive at its National Renewable Energy Laboratory in Golden, Colorado, to 
explore renewable energy and energy-efficiency research and develop- 
ment (Ref 5.28). 

Critical failure locations include planet bearings, intermediate shaft- 
locating bearings, and high-speed locating bearings. Gear failure occurs 
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independently of bearings failure for reasons such as wear from poor 
lubrication, abrasion, and surface fatigue initiated by bearing debris 
(Ref 5.27). 

Newer Surface Engineering for Wind Turbines. The aim is to de- 
velop and implement innovative surface engineering and nanolubrication 
to increase the reliability of wind turbine drivetrain components, primarily 
through an ultrafast boriding process, diamond-like coatings (DLCs), and 
nanoboron lubrication technology (Ref 5.28). 

Ultrafast (UF) boriding through an advanced electrochemical process 
increases efficiency by 80% compared to current boriding, making it eco- 
nomically practical for wind turbine applications. The UF boriding en- 
hances the hardness of gear and bearing surfaces by more than a factor of 
2 compared to standard carburizing (1800 to 600 HK). The sliding wear 
performance of the borided surface shows improvement by an order of 
magnitude compared to that of standard carburized steel gears. 

The lubricant-derived DLC coating provides a high-hardness, self- 
lubricating surface. Finally, nanoparticle-based lubricant additives, mostly 
based on boron or carbon, produce a low-friction, protective boundary 
film, thus reducing friction considerably. Micropitting is nearly eliminated 
with nanoboron-additive lubricants instead of commercially formulated 
oils. 


Solar Thermal Plants 


The total resources of all fossil fuels amount to approximately 0.4 YJ 
(yotta-joule, or 104 J) while the availability of solar energy is 3.8 YJ/year 
(Ref 5.4). Solar constant, the average amount of incoming solar radiation 
per unit area on the outer surface of the Earth’s atmosphere, is approxi- 
mately 1367 W/m?. However, the Earth’s surface absorbs solar energy 
amounting to 174.4 W/m. If the solar energy absorbed by the Earth’s 
surface were used for power generation instead of using energy from 
burning fossil fuels, there would not be any global warming due to anthro- 
pogenic emissions (Ref 5.4). 

Two main commercial processes for generating electricity from solar 
beams are solar thermal and solar photovoltaic. Photovoltaic systems use 
semiconducting material for direct conversion of sunlight into electricity. 
In solar thermal plants, concentrated solar beams make superheated steam 
in a boiler to drive turbines generating electricity. Solar thermal or con- 
centrating solar power plants for generating electricity are similar to fossil- 
fuel-based thermal plants. 

The solar thermal plant consists of four segments: solar collector, heat 
exchanger, thermal storage, and power plant. 

Solar Collectors. The solar beam is concentrated by reflecting mirrors. 
Solar radiation is concentrated to produce solar flux at peak energy of 16 
to 100 MW/in.? by using different types and numbers of concentrators. A 
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heat-transfer medium in the absorbing tubes is located along the collector 
focal point. There are two types of media that are used: 


° Thermal oil (parabolic trough power plants). The thermal oil or a syn- 
thetic oil is carried through the tubes, heated to 400 °C (750 °F), and 
transported through the piping at 25 to 40 bar (363 to 580 psig). 

e Water/saturated steam (Fresnel power plants). The water is heated to 
300 °C (570 °F) in the absorbing tube and, as saturated steam, trans- 
ported through the piping at high pressure. 


Increasing the operating temperature of parabolic trough solar fields 
from 400 to >450 °C (750 to 840 °F) increases the overall solar-to- 
electricity efficiency and reduces the cost of electricity from parabolic 
trough power plants. Current solar-selective coatings do not have the sta- 
bility and performance necessary to move to higher operating tempera- 
tures. Coating materials range from the original black chrome, to Mo-Al,O, 
cermet (cermets are highly absorbing metal-dielectric composites consist- 
ing of fine metal particles in a dielectric or ceramic matrix), to the newer- 
generation improved Al,O,-base receivers. The deposition processes 
include electron beam physical vapor deposition and ion-beam-assisted 
deposition techniques. 

Heat Exchangers. The heat exchanger takes the heat from the heat- 
transfer medium and either converts it to steam for the power plant or 
places it in a storage medium in the thermal storage unit. 

Thermal Storage. To increase power plant utilization at night, a por- 
tion of the collected heat is stored in an integrated thermal storage unit. 
These storage units primarily consist of tanks filled with molten salt that 
has a high thermal capacity. 

Thermal energy from the sun is stored either as latent heat or sensible 
heat. The temperature rise due to sensible heat depends on the heat capacity 
of a material, whereas latent heat is due to phase transformations. Latent 
heat storage systems have several disadvantages (Ref 5.29); sensible heat 
storage systems using molten salt mixtures are normally used in solar ther- 
mal power plants. The corrosion rates of various materials were tested in a 
heat-transfer medium consisting of a eutectic mixture of water-soluble in- 
organic salts of potassium nitrate, sodium nitrite, and sodium nitrate at 
different temperatures. The corrosion rate (inches of penetration/month) 
was 0.0000 for 15-15% Cr iron, AISI 316, and Inconel at 538 °C (1000 °F). 
At 570 °C (1060 °F), lower corrosion rates were found in Carpenter 20 
(0.00097), followed by Inconel (0.00153). Above 570 °C (below 590 °C), 
Hastelloy B showed an extremely low corrosion rate (0.000003) (Ref 5.30). 

The heat-transfer medium is normally used for heating and cooling be- 
tween 149 and 538 °C (300 and 1000 °F). 

Power Plants. As with conventional power plants, electricity is pro- 
duced using steam turbines and generators. 
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The two major problems in solar thermal power generation include the 
need for steam-generating water in the favored water-scarcity areas, such 
as deserts, and intermittent power generation depending on daylight. Water 
scarcity in areas with plenty of sunshine, such as deserts, is a problem in 
concentrating solar power plants. 

Newer designs require less water by using air cooling to convert the 
steam back into water. The water is then returned to the boiler in a closed 
process that is environmentally-friendly. Compared to conventional wet 
cooling, this results in a 90% reduction in water usage. 


High-Velocity Laser-Accelerated Deposition in the Power- 
Generation Industry 


The high-velocity laser-accelerated deposition (HVLAD) process, de- 
veloped at Lawrence Livermore National Laboratory, uses advanced la- 
sers to produce protective coatings with ultrahigh strength and explosively 
bonded interfaces (Ref 5.31). These coatings prevent corrosion, wear, and 
other modes of degradation in extreme environments. 

Coatings produced with conventional physical vapor deposition have 
several limitations. Low mass flux, or flow, and roughness amplification 
place limitations on coating thicknesses as well. Conventional thermal 
and cold spray coatings have bond strengths on the order of only 680 atm 
(10,000 psi), while the HVLAD-bonded materials have ultimate tensile 
strengths of approximately 6,800 to 34,000 atm (100,000 to 500,000 psi). 
The high-power pulsed lasers produce coatings using materials that are 
difficult to deposit by other means, at room temperature and pressure, 
and with exceptional bond strength. Unlike some competing processes, 
HVLAD can be conducted in open production areas, including factory 
floors, shipyards, and aircraft hangers. 

Application of the HVLAD technology is beneficial in a variety of in- 
dustries. For example, HVLAD coatings make possible the use of high- 
temperature materials in fossil fuel, solar thermal, and nuclear power 
plants, leading to an increase in efficiency. Increasing the operating tem- 
perature of an energy-conversion system from 325 to 900 °C (615 to 1650 
°F) leads to a 20% gain in efficiency. The life cycles of tubes in ultrasu- 
percritical boilers in fossil-fuel-based power plants operating at 700 °C 
(1290 °F) or higher are enhanced by using the HVLAD process instead of 
the conventional thermal spray process for coating of Ni-50Cr. Similarly, 
the corrosion resistance of thermal storage tanks in solar thermal units at 
high temperature is enhanced by coatings using the HVLAD process. Cur- 
rent solar-selective coatings do not have the stability and performance 
necessary to move to higher operating temperatures. The HVLAD process 
improves the high-temperature stability and thus the efficiency of solar- 
selective coatings. 

Oxide-dispersion-strengthened (ODS) steels have very good high- 
temperature strength, are radiation resistant, and are leading candidate 
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materials for next-generation nuclear power plants. However, these mate- 
rials lack corrosion resistance in exotic high-temperature coolants. The 
HVLAD process is used to deposit high-temperature corrosion-resistant 
coatings of expensive alloys, such as tantalum-tungsten, on the less- 
corrosion-resistant ODS steel. 

The HVLAD coatings resist corrosion, pitting, stress-corrosion crack- 
ing, and fatigue failure. These protective coatings and cladding with high- 
integrity interfacial bonds are capable of extending the operating life of 
valuable equipment in the aerospace, marine, and energy sectors. 


Transportation Industry 


Globally, the transportation sector accounts for 15% of total emissions, 
with consistent long-term annual growth rates of between 2.5 and 5%. In 
the United States, the transportation sector directly accounted for approxi- 
mately 28% of the total greenhouse gas (GHG) emissions in 2006, making 
it the second-largest source of emissions, behind only electricity genera- 
tion (34%) (Ref 5.32). Nearly 97% of transportation GHG emissions came 
through direct combustion of fossil fuels, with the remainder due to car- 
bon dioxide (CO,) from electricity (for rail) and hydrofluorocarbons emit- 
ted from vehicle air conditioners and refrigerated transport. Estimates of 
GHG emissions do not include additional life-cycle emissions related to 
transportation, such as the extraction and refining of fuel and the manufac- 
ture of vehicles, which are also significant sources of domestic and inter- 
national GHG emissions (Ref 5.7). 

Transportation is the largest end-use sector emitting CO,, the most 
prevalent GHG. In the United States, the transportation sector consumed 
28.8 quadrillion Btu and emitted 1856 million tons of carbon dioxide in 
2008 (Ref 5.32). The carbon dioxide emissions of various transportation 
modes are indicated in Table 5.5. 

Railroad transportation systems run mostly on electrical power supply. 
Hence, the major concern in this area is rail wheel contact wear. 

Diesel engines are used in marine transport systems and also partly in 
rail transport. 


Table 5.5 Carbon dioxide emission by various transport modes 


Carbon dioxide emission, 


million tons Energy consumption, % 
Transport mode European Union United States European Union United States 
Road transport 696 1540 65 83 
Sea and inland waterways 189 74 18 4 
Aviation 150 148 14 8 
Railway 20 37 2 2 
Others 10 57 1 3 


Total 1065 1856 
Source: Ref 5.7, 5.32 
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Road Transport 


Road transport (Ref 5.32—5.34) has the largest share of carbon dioxide 
emission in the transport sector, amounting to 696 million tons (65%) for 
the European Union (Table 5.5). This translates to 19.44%, or one-fifth, of 
global emissions. Automobiles or personal motor vehicles, including light 
trucks such as pickups, sport utility vehicles, and vans as well as sedans 
and wagons, emit roughly 10 to 13.5% of global CO, emissions. The rest, 
6 to 9.44% emissions, is due to heavy vehicles (Ref 5.34). 

The European Automobile Manufacturers Association (ACEA) com- 
mitted to reducing emission levels to 140 g/km in 2008 and to 120 g/km 
in 2010 to 2012 (Ref 5.32). Reduction of carbon dioxide emissions is 
achieved by increasing efficiency and decreasing fuel consumption. Re- 
searchers in triboscience at the European Union Triboresearch Commis- 
sion found that approximately 40% of the available energy in an automobile 
is lost due to friction and wear in the transmission, plus energy is lost in 
the cooling and exhaust, leaving only a minor portion of the energy trans- 
mitted to the wheels. Researchers are finding ways and means to minimize 
these frictional losses to reduce carbon dioxide emission to the level com- 
mitted by the ACEA (Ref 5.35). 

The internal combustion engine works by rapid firing of a fuel and air 
mixture in a confined chamber, where the high-temperature combustion 
products are formed. The pressure of the gas produced by combustion in- 
creases with the increase in temperature and acts against the head of a 
piston, causing it to move away from the chamber. The piston, connected 
to the crankshaft by the connecting rod, converts the linear motion into a 
rotary motion. 

The various parts of the automotive engine are classified into stationary 
and moving parts. The list of stationary parts includes cylinders, crank- 
case or block cylinder head, and manifolds. The moving parts are pistons, 
connecting rods, flywheel, valve stem, and valve gear. Various systems, 
such as the cooling system, fuel system (fuel injection), ignition system, 
and lubrication system, are added to the engine. 

To comply with exhaust-emission regulations and to generate higher 
power combined with better fuel economy, there have been major changes 
in operating practices to produce more energy per unit of fossil fuel con- 
sumed. The changes have created more severe wear environments: 


° Increased severity in wear envelope due to higher cylinder pressures 
and temperature to improve combustion practices for fuel economy 
and lower emissions 

° Increased friction in high-temperature areas due to less lubricant from 
lower fuel consumption 

° Higher thermal wear due to an increase in temperature within the en- 
gine from more use of turbocharging 
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° Lower engine speeds (for fuel economy and noise reduction) in diesel 
engines that lead to less hydrodynamic effect 

° Lower-sulfur fuels mean fewer corrosion effects but also less boundary- 
lubricant effect. 

e Unleaded petroleum that reduces the dry lubricant effect on valves and 
rings 

e Lighter engine trend has increased the use of aluminum, which is tri- 
bologically worse than cast iron. 


Thus, there is a greater need for new tribologically-compatible materials 
and coatings to suit the altered wear envelope. 

Energy Efficiency. There were 612 million cars in the world in 2011 
(Ref 5.36). The average car travels 13,000 km/year and burns 340 L 
of fuel just to overcome friction, costing the driver 510 Euros/year 
(Ref 5.36). Friction losses account for 30 to 33% and air resistance for 5% 
(Ref 5.36, 5.37). 

Annual friction loss in an average car worldwide amounts to 11,860 MJ 
(11,231 x 10? Btu); of this, 35% is spent in overcoming rolling resistance 
in the wheels, 35% in the engine itself, 15% in the gearbox, and 15% in 
braking (Ref 5.36). Tribological interaction of engine components (except 
gears) and transmission systems lead to a frictional loss of 4151 MJ (3931 
x 10° Btu). 

The major part of energy loss is due to friction. Frictional loss due 
to tribological interaction in the engine (35%) plus the gearbox (15%) is 
5930 MJ. Surface engineering can save 10% of frictional loss. For 612 mil- 
lion cars, the savings in frictional loss is 3.629160 x 10!* MJ. One gallon 
of gasoline produces 10.17 MJ. The savings in gasoline due to 3.629160 x 
10 MJ amounts to 3.5 x 10" gallons, which in turn saves 23.10 x 
108 metric tons of CO, (1 gallon of gasoline emits 8.92 x 10° metric tons 
of CO,), according to Ref 5.38. 

However, there is a substantial decrease in frictional loss due to tribo- 
logical interactions, despite explosive growth in the number of cars during 
the last 34 years. Surface engineering of components has played a major 
role in minimizing frictional loss. 

With current technology, only 21.5% of the energy output of fuel is 
used to actually move the car, which is higher by 9.5% compared to the 
earlier figure (1990) of 12% of energy output (Ref 5.36, 5.37). 

By comparison, an electric car has only one-half the friction loss of a 
car with a conventional internal combustion engine. 

The breakdown of frictional energy loss by various components is 
shown in Fig. 5.5 (Ref 5.39). Engine components, such as the piston ring 
plus cylinder bore, valve train plus camshaft, crankshaft, and piston- 
connecting rods, play major roles in the frictional energy loss in an auto- 
mobile. The piston ring plus cylinder bore followed by the valve train 
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components have a relatively large effect on the amount of frictional loss 
in the practical driving range of 2000 rpm. 

Mikula et al. (Ref 5.40) reported reduction in friction in three major 
groups of components in terms of fuel savings by chemical vapor deposi- 
tion (CVD)/physical vapor deposition (PVD) coatings on the interacting 
components (Table 5.6). The savings of 1 to 2 L/100 km city driving of the 
car amounts to a considerable savings in energy. If the average mileage in 
city driving is 10 km/L, a fuel savings of 10 to 20% can be achieved. A 
consequent reduction of emissions of similar percentages can be obtained. 
The frictional energy loss for these components is 4151 MJ (3931 x 
10° Btu) for an average car per year. The coatings can save 415 to 830 MJ 
(393 to 786 x 10? Btu) per car in a year. 

Although the results of PVD/CVD coating in reducing frictional loss 
are quite impressive (Table 5.6), the surface-engineering practices for im- 
proving both wear and frictional properties of different components in- 


At 200 rpm 


Fig. 5.5 Breakdown of friction loss in an automotive engine. 1, auxiliary 
components; 2, piston ring and cylinder bore; 3, valve train and 
camshaft; 4, crankshaft; 5, piston-connecting rod. Source: Ref 5.39 


Table 5.6 Antifriction coatings in 
automobile components and subsequent 
fuel savings 


Fuel savings due to reduced friction 


of CVD/PVD coating(a) 
Components L/100 km US. gallon 
Piston group 0.7-1.4 0.186—0.372 
Crankshaft 0.2-0.4 0.053—0.106 
Valve train 0.1-0.2 0.0265-0.053 
Total 1.0-2.0 0.265-0.53 


(a) CVD/PVD, chemical vapor deposition/physical vapor deposition. 
15 L/100 km is considered standard for part load in city traffic condi- 
tions. Source: Ref 5.40 
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clude a large number of processes and materials, depending on the specific 
requirements. 

Some of the major components in a typical four-stroke engine are shown 
in Fig. 5.6. Thermal spraying is the main surface-engineering process. The 
process is used in resurfacing the worn surface of any material at the plant 
site without affecting the properties of the base material. Moreover, the 
resurfacing material can be changed to extend the wear life more than that 
due to the original surfacing. Examples of selected components and the 
corresponding thermal spray coatings are indicated in Table 5.7. 

Wear of Components and Coatings. The main wear-prone compo- 
nents include the following. 

The valve train consists of the valves and a mechanism that opens and 
closes them. The camshaft has lobes on it that move the valves up and 


Fig. 5.6 Major components of a typical four-stroke engine. W, water jacket 

for coolant; Ec, exhaust camshaft; S, spark plug; Ic, intake camshaft; 
lv and Ev, intake and exhaust valves; Pc, piston crown; Pr, piston rings; P, piston; 
R, connecting rod; C, crankshaft 


Table 5.7 Thermal spray coatings on automobile components 


Components Wear Coating materials 
Piston crown Thermal barrier coating (Y,0;, MgO, or CeO)-stabilized ZrO, 
Piston ring Adhesion Mo + NiCrBSi 
Mo + MoO 
NiCr + CrC 
Cam follower Adhesion Mo 
Mo + NiCrBSi 
Piston ring grooves Adhesion Mo 
Mo + NiCrBSi 
NiCr + CrC 
Tappet valve face Thermal barrier coating Alumina 
Tappet valve head Adhesion Mo + NiCrBSi 


Synchronizing ring (inner surface) Adhesion SOAI-Si alloy + 50Mo 
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down for opening and closing the valve. In the modern engine, the cam- 
shaft is located above the valves. Many high-performance engines have 
four valves per cylinder (two for intake, two for exhaust), and this ar- 
rangement requires two camshafts per bank of cylinders. The valve train 
is comprised of valves, rocker arms, pushrods, lifters, and camshaft(s). 
Valve train opening/closing and duration, as well as the geometry of the 
valve train, controls the amount of air and fuel entering the combustion 
chamber at any given point in time. Timing for open/close/duration is con- 
trolled by the camshaft, which is synchronized to the crankshaft by a 
chain, belt, or gear. 

A typical piston engine (gasoline, diesel, etc.) uses a crankshaft to con- 
vert the linear motion of the pistons into rotational motion. In the same 
engine, a camshaft is used to operate the valves. For the engine to operate 
properly, the rates of the crankshaft and the camshaft must be synchro- 
nized with each other. 

Camshafts normally have two cam lobes per cylinder—one to drive the 
intake valve and the other to operate the exhaust valve. Thus, a V-four 
engine would have a camshaft with eight lobes. 

In a camshaft, wear-prone areas are cam lobes. In the OEM stage, it is 
important to take care of the lobe taper, lobe hardness, and surface finish 
in order to reduce wear. The lobes are normally flame or induction hard- 
ened. That process hardens all the lobes to a depth below the barrel of the 
core. That depth of hardness allows the cam grinder to finish the cam 
lobes with a hardness above 50 HRC. The generally accepted hardness on 
a finished cast or forged cam should be between 48 and 58 HRC. The part 
in the valve train in direct contact with the cam lobe is the follower or 
lifter. The main wear or failure modes of cam-follower combinations are 
scuffing and pitting. A high contact load leads to scuffing. Pitting occurs 
at low contact load. 

Camshafts made from low-alloy steel are gas nitrided to produce a sur- 
face hardness of 55 to 60 HRC. 

Valve Lifters. In using a light-weight aluminum valve lifter, the spring 
constant of the valve spring can be reduced. A major concern with alumi- 
num valve lifters is outer peripheral wear and scuffing. Electric arc spray- 
ing with iron-carbon wire can reduce wear and scuffing (Ref 5.39). 

The crankshaft is one of the major parts of the crank mechanism, which, 
together with the other parts, is the life of the internal combustion engine. 
The crankshaft runs in plain-pin main and connecting-rod journals and 
with bearing grease. The service life of the crankshaft depends mainly 
on the resistance to fatigue, wear, and surface spalling of the main and 
connecting-rod journals. Frictional loss between connecting-rod bearings 
and the crankshaft pin and piston pin amounts to 14%. Friction between the 
main bearings and the crankshaft results in energy loss of 17% (Ref 5.36). 

Crankshafts are normally gas nitrided. Plasma nitriding is a preferred 
process. The advantage of plasma nitriding is related to the close control 
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of the nitrided microstructure. Not only is the performance of the crank- 
shaft enhanced, but also the working life span is boosted. Improved mi- 
crostructural features increase the strain limit and the fatigue strength of 
the steel being treated. 

Plasma nitriding is often coupled with the PVD process and labeled as 
a duplex treatment with additional benefits. Many users prefer to have a 
plasma oxidation step combined at the last phase of processing to produce 
a smooth, jet-black layer of oxides that is resistant to wear and corrosion. 

The crankshaft journal bearing has a plain bearing surface with no roll- 
ing elements in which the journal (i.e., the part of the shaft in contact with 
the bearing) slides over the bearing surface. Journals in the radial or rotary 
mode are subjected to friction with the bearing surface. 

Wear occurs between the bearing bore and the journal surface. For en- 
gine bearings, severe wear of the bearing and shaft can occur by hard 
particles in the oil, and mild abrasion of the bearing occurs by asperities 
on the shaft. Typical failures in the journal bearing due to Hertzian stresses 
are seen as cracks, pits, or flaking on the surface of the material. The sur- 
face fatigue strength of contacting materials is quite important in resisting 
this pitting type of fatigue failure. 

Nitriding increases the surface hardness of the journals and improves 
wear resistance. Although the low-temperature nitriding process does not 
strengthen the crank, the tempering of low-alloy steel improves toughness 
and wear resistance, which reduces the potential for cracking. 

Engine Valves. Exhaust valves operate in severe environments of com- 
bustion products, especially the valve-sealing surface area. Selection of 
valve materials is based on the resistance to corrosion, oxidation, and ero- 
sion by high-temperature combustion products of fuels under different 
operative conditions. The sealing face requires extra protection against 
adhesive, abrasive, and erosive wear. Erosive wear causing “burning” of 
the valve-sealing face can also occur by deposited combustion products 
mechanically preventing the valve from properly seating on the head. 
Burning is caused by the presence of metallic salts from residual fuels and 
metallic ash from lubricating oils. Heavy pitting due to high-temperature 
oxidation and corrosion on the valve-sealing surface can lead to the es- 
cape of high-velocity gas through the unseated gaps, resulting in heavy 
erosive wear. 

For light-duty gasoline engine valves, the base material is normally ca- 
pable of withstanding environmental attack, and thus, no coating is re- 
quired on the sealing face of the valve. However, wearfacing of the valve 
sealing face is mandatory for engines designed for moderate to heavy duty 
and using gasoline or diesel as the fuel. 

Commonly used weld overlay materials include Stellite 6 (480 HV), 
Stellite F or 32 (480 HV), and Ni-11 alloy (425 HV). Stellite F (or 32) is 
a cheaper version of Stellite 6, with part of the cobalt replaced by nickel, 
and Ni-11 is a still-cheaper nickel-base alloy. Plasma-transferred arc weld- 
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ing using powder alloys as the consumable is preferred to gas or tungsten 
inert gas welding because of several advantages, including process auto- 
mation. Hot hardness is used as an index for high-temperature wear resis- 
tance of these materials. The high hot hardness values at elevated temperature 
of Stellite 6, Stellite F (or 32), and Ni-11 are responsible for the low wear 
of these alloys (Ref 5.41). 

The service life of coated valves has been found to increase several fold 
compared to uncoated valves. Coated valves are also used in other diesel 
engine applications, such as locomotive (railways), marine service, and 
power plant operation. 

Piston Crown Thermal Barrier Coating. The efficiency of most com- 
mercially available engines can be improved by coating the piston crown 
with an insulating material, such as stabilized zirconia. For a 180 kW 
(240 hp) diesel engine, a thermal barrier coating (TBC) of zirconia can 
increase engine efficiency by 4% (Ref 5.42). Stabilized zirconia has been 
successfully tried as a TBC on the piston crown, especially with steel or 
cast iron pistons. 

The differences in thermal properties, such as conductivity and coeffi- 
cient of thermal expansion, between the light-weight aluminum-silicon 
alloy as piston material and the stabilized zirconia plus NiCrAlY bond 
coat layer are high. To reduce the thermal property mismatch and to obtain 
good bonding, recommended practices include (Ref 5.42): 


e Change in bond coat material from NiCrAlY to aluminum-silicon 
alloy, which contains 2 times more silicon than the base metal 

e Use of a graded coating 

e Use of compliant fibrous felt between the base and coating to reduce 
thermal spalling 


Thinner coatings of less than 1 mm thick (including bond coat) are pre- 
ferred. Apart from coating properties, such as microstructure and severity 
of thermal cycling, the failure of plasma-sprayed zirconia and other TBCs 
has been identified as due to the amount of contaminants, such as vana- 
dium, sodium, and sulfur, in the fuel. Failure of the coatings normally 
occurs due to spalling through separation across the ceramic/bond coat 
interface. The next generation of zirconia-base TBCs is expected to be 
stabilized with ceria (approximately 25 wt%). Ceria-stabilized zirconia 
coatings provide improved resistance to thermal shock resistance and 
high-temperature corrosion. A coating of this type has been suggested as 
ideally suited in cases where fuel impurities are present, such as diesel 
engines and jet engines. 

Piston Ring Wear-Resistant Coating. In the piston rings of high- 
performance engines, thermal-sprayed refractory material coatings are 
being introduced in place of the hard chromium plating used earlier. Piston 
rings consist of a top ring, second ring, and oil rings. The requirements of 
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higher-performance piston rings have led to a shift toward thermal-sprayed 
coatings from the conventional hard chromium plating. The current trend 
is also to replace cast iron-base material by stainless steel. Among the 
other processes tried, such as gas nitriding and composite plating, PVD 
has been found to be most promising. However, the process restriction of 
a vacuum chamber results in low productivity when using the PVD pro- 
cess. Thermal spraying has been used advantageously as a high-productivity 
process (Ref 5.43). 

The ideal coating on piston rings should have the following properties: 


e Less coating wear in comparison to chromium plating 

e Less cylinder bore wear in comparison to chromium plating 

° More scuffing resistance in comparison to molybdenum 

° Superior breakout resistance in comparison to chromium plating 


The most promising coating materials based on the aforementioned con- 
siderations include molybdenum + MoO, molybdenum + NiCrBSiFeC, 
and NiCr + Cr,C,. The materials are deposited on piston rings by the ther- 
mal spraying processes, such as flame spraying, HVOF, or plasma spray- 
ing. 

High-hardness coating is required to resist scuffing and wear. Flame- 
sprayed molybdenum coating contains 8 to 10% oxygen, and the oxygen 
content of plasma-sprayed coating is approximately 1%. Due to the large 
difference in oxide contents, the microhardness of flame-sprayed molyb- 
denum is 950 VPN compared to 400 VPN for plasma-sprayed molybde- 
num (Ref 5.44). To improve the hardness of plasma-sprayed deposits, 
preoxidized molybdenum containing 8 to 10% oxygen is used for spray- 
ing. Alternatively, the deposit microhardness can be increased to 790 VPN 
by adding approximately 30% of high-hardness, self-fluxing NiCrBSiCFe 
alloy powder to the molybdenum. Another high-hardness composite pow- 
der used for plasma spraying on the piston ring is chromium carbide 
(Cr,C,) plus 20 wt% NiCr. Disadvantages of a high-hardness plasma spray 
coating include the difficulty of obtaining a fine coating surface finish and 
the high wear of the cylinder bore. 

Piston Ring Grooves. Plasma-sprayed NiCr-Cr,C, or molybdenum coat- 
ings in grooves perform better than conventional hard chromium plating. 

The cylinder bore surface (normally 70 to 110 mm in diameter) inter- 
acts with the piston ring and the intermediate layer of lubrication in an 
internal combustion engine. An iron-base plasma-sprayed material has 
been reported (Ref 5.45) to produce a coating with low coefficient of fric- 
tion against the piston ring under boundary-lubrication condition, good 
thermal shock resistance, minimum scuffing tendency, and well-distributed 
porosities for retention of lubrication. 

Fuel-Injection Tubes—Low-Friction Mixed DLC-WC Coating (Ref 5.46). 
An interesting application is the plungers in diesel fuel-injection systems. 
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To cope with stricter emission regulations, the injection pressure in fuel- 
injection systems has been increased significantly, thus reducing the clear- 
ances between, for example, plungers and barrels. Less fuel has led to 
reduced lubricity. The reduced clearance has increased the scuffing prob- 
lem. The mixed carbon-base diamond-like coating containing WC has 
high hardness (1000 HV) and low coefficient of friction (~0.5 against 
steel). The low deposition temperature of 160 to 200 °C (320 to 390 °F) 
allows the coating to be formed on finished or carburized components. 
The coating has a lamellar structure of amorphous carbon containing 
tungsten carbide precipitates. The mixed carbon-WC coating on the 
plunger has provided a solution to the scuffing problem. 

Gears. Gear teeth are normally surface hardened by carburizing and for 
lower case thickness by nitriding. The case-hardened gears have good 
wear and fatigue resistance. There is a trend to lower the frictional proper- 
ties of the gear surface by coating with low-friction coatings of TiN and 
DLC on carburized or noncarburized gear surfaces. The transmission per- 
formance of carburized gears in poorly lubricated environments can be 
improved by the use of carbon-WC coatings. The pitting fatigue resis- 
tance of a coated carburized gear is increased by 10 to 15% compared to 
that of an uncoated gear (Ref 5.46). Because the fatigue life of both 
through-hardened and carburized gears after diamond coating is similar, 
considerable cost-savings is possible by using the through-hardened com- 
ponent. It is possible to precisely control the formation and dimensions of 
a thin diamond coating, and thus, it can be used on components without 
any design change. 

Cylinder Heads, Valves, and Bearings. Automotive engines will trans- 
mit more power if there is no frictional loss in the valves, bearings, and 
cylinder heads. Materials scientists at Saarland University and the Mate- 
rial Engineering Center Saarland have therefore come up with laser tech- 
nology that allows precise working on material surfaces. The laser beam 
generates three-dimensional patterns and changes the material inner struc- 
ture only at an extremely thin surface layer. The researchers claim that 
laser texturing of the surface could make the material almost frictionless 
and less prone to wear (Ref 5.47). 


Air Transport 


United States air transport accounts for 12% of total GHG emission in 
the transportation sector, making it the second-largest area, after automo- 
biles, in terms of GHG emissions in transportation. 

Coatings for Gas Turbines. The coatings in gas turbine components 
are used to serve one or more of the following purposes: 


e Resist oxidation and corrosion 
° Resist fretting and erosion 
* Become abradable 
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e Act as a thermal barrier 
e Actas a diffusion barrier 


The stress mismatch between coating and substrate during formation and 
use should not be high enough to cause poor coating adhesion and subse- 
quent spalling. The coating should have enough strength to withstand op- 
erating stresses at the surface. 

Oxidation- and Corrosion-Resistant Coatings. In gas turbines, hot 
corrosion occurs mainly due to salt contaminants, such as Na,SO,/NaCl 
mixtures, dissolving the protective coatings through formation of low- 
melting-point alkali compounds. The hot corrosion processes are classi- 
fied as high temperature (type I, 800 to 950 °C, or 1470 to 1740 °F), low 
temperature (type II, 650 to 800 °C, or 1200 to 1470 °F), and hot salt 
corrosion. 

Plasma-sprayed MCrAlY is normally used as a coating to resist corro- 
sion and oxidation. The composition of the MCrAIY system is selected to 
give a good balance between corrosion resistance and coating ductility, 
while active element additions enhance oxide scale adhesion and decrease 
oxidation rates. A successful cobalt-base coating composition is Co-25Cr- 
14A]-0.5Y. 

Recent coatings are based on a more complex MCrAIX system, where 
“M” is iron, cobalt, nickel, or a combination of these plus the active ele- 
ment X, such as yttrium, silicon, tantalum, and hafnium, in overlays or 
platinum in an underlayer. A combination of active elements is found to 
reduce coating degradation through their synergistic interaction. 

Thermal Barrier Coatings. The combustion temperature of the gas 
entering into a turbine (turbine entry temperature, or TET) in modern jets 
is approximately 1800 K (1527 °C, or 2780 °F). High TET leads to higher 
power and an improvement in specific fuel consumption. The turbine ma- 
terial (normally Nimonic alloy) must withstand a temperature of approxi- 
mately 1200 °C for a TET of 1527 °C. This is possible by using TBCs. 

Modern TBC coatings on Nimonic-based material consist of duplex 
layers: 


* Bond coat of aluminide diffusion coatings (used on approximately 
80% of high-pressure turbine blades) by the pack aluminizing process 
(alternative ion vapor deposition + hot isostatic pressing) based on 
NiAl (50 pm thick) or MCrAIY overlay coatings by PVD or thermal 
spraying (100 to 200 pm thick) 

° Thermal barrier coatings (by thermal spray or PVD) of Y,O,-stabilized 
ZrO, (0.3 to 0.4 mm thick) 


Thermal barrier coatings are used to protect flare heads and primary-zone 
sections of combustors against the effects of hot spots, thereby consider- 
ably improving combustor life. In view of the success achieved in this 
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area, attention is also directed toward the use of TBCs on blades and 
vanes. 

Fuel Savings for Higher Turbine Entry Temperature. An increase in 
20 °C (36 °F) in TET leads to approximately 0.5% improvement in fuel 
efficiency and results in 500,000 sterling pounds (790,512 U.S. dollars) 
over a 15-year period (Ref 5.48). More important than the dollar savings 
is the fuel savings and improvement in operating efficiency at high TET. 

The world jet fuel consumption in 2008 was 5200 barrels/day (Ref 5.49). 
With an annual consumption of 1,898,000 barrels, the fuel savings in TBC 
turbines amounts to 47,450 barrels (2.5% of consumption), or 1.99 million 
U.S. gallons, or 7.55 million liters (1 oil barrel = 42 gal = 159 L) per year, 
assuming linear reduction in fuel consumption with increasing TET to 
100 °C (180 °F) at a rate of 0.5% improvement in fuel efficiency with 
20 °C (36 °F) rise in TET. 

The estimated fuel savings was approximately 2 million U.S. gallons 
in 2008. The savings in terms of metric tons equals (density of fuel = 
0.810 g/mL) 6110 tons of aviation-grade jet fuel. One tonne of burned jet 
fuel emits 3.15 tonnes of CO,. The estimated savings in CO, emission in 
2008 was 19,250 tons/year for a rise of TET by 100 °C in a modern jet 
engine. However, the performance efficiency with increasing TET is not 
linear. The TET increase in improved TBC can be anywhere between 100 
and 300 °C (180 and 540 °F). Hence, the fuel and corresponding energy 
savings can be approximately 3 times higher than the figure estimated at 
100 °C improvement in TET. 

Antifretting Coatings. The vibration of fan and compressor blades in 
jet engines is controlled by midspan dampers. A midspan damper provides 
contact points between the blades to constrain lateral and torsional motion 
that results in flutter, causing damage to the blade. A plasma-sprayed WC- 
Co coating is applied to the contact surfaces of midspan dampers to re- 
duce wear. Coating failure can cause damage and cracks in midspan 
dampers. Continued propagation of the cracks may result in engine fail- 
ure. Damper performance is improved by inducing compressive residual 
stresses on the coated surface (Ref 5.50). 

Diffusion Barrier Coatings. To increase efficiency, the trend is to op- 
erate engines at higher temperatures and reduced cooling. At these higher 
operating temperatures, coating life is severely impaired by interdiffusion 
of elements between the coating and the substrate. Therefore, it is neces- 
sary to minimize diffusion of key elements from the coating to the sub- 
strate by providing an intermediate diffusion barrier layer. For example, 
an ion-plated diffusion barrier layer of Ni-13%AlI between the top layer of 
high-chromium and the superalloy substrate considerably reduces the dif- 
fusion rates of chromium at higher operating temperatures (Ref 5.51). 

Graded Coatings. In addition to a diffusion layer, it is possible to de- 
velop a multilayered coating with increasing amounts of key elements, 
such as chromium and aluminum, from the interfacial to the top layer. The 
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mismatch of composition as well as other properties between the consecu- 
tive layers being gradual, the stability of the graded coating is excellent. 
The lower concentration gradient reduces the diffusion rates and thus re- 
tains the heat, corrosion, and oxidation resistance of the top layers at 
higher operating temperatures. 

Abradable Coatings. Gas turbine engines operate by compressing 
inlet air through a series of rotating blades enclosed within an outer casing 
and mounted to a center drive shaft. Engine and fuel efficiency depends, 
among other factors, on the clearance between the rotor blades and engine 
casing. Gas bypass between the rotating turbine blade tip and the engine 
casing affects both the efficiency and power output of an engine. An in- 
crease of 125 mm in the clearance can result in an increase of 0.5% in 
specific fuel consumption (Ref 5.52). Further, the reduction of clearance 
between blade tip and casing causes blades to rub against the shroud. By 
coating the shroud with abradables, it is possible to close the gap between 
interacting surfaces. Clearance control in high-pressure turbines is of vital 
importance. Sacrificial coatings are also used in labyrinth seal locations to 
channel engine cooling air. Abradable coatings are designed to allow the 
turbine blade abrasive tip to cut a path into the coated shroud, providing a 
seal between blade tip and casing. 

Conventional coating materials are composed of metal or ceramic par- 
ticles (aluminum-silicon alloy, MCrAILY, or ytrria-stabilized zirconia), 
polymer, and solid lubricant. Polymer is burned out at the application tem- 
peratures of 400 °C (aluminum-silicon), 700 °C (MCrALY), or still higher 
at 1200 °C (Y,O,-stabilized ZrO,), thus generating porosities and improv- 
ing abradability. 

The currently used blade tip has four essential components: metallic 
undercoat, metallic matrix, cubic boron nitride (CBN) particles, and diffu- 
sion coatings. The metallic undercoat is a bond coat that resists oxidation 
as well. Because the matrix and CBN particles degrade under frictional 
heat, the bond coat provides oxidation protection to the base metals during 
the engine life. The CBN particles are held in the matrix (usually an elec- 
troplated MCrAIYHf), and a diffusion aluminide is applied to provide fur- 
ther matrix protection (Ref 5.52). 

Similar improvement in efficiency can be achieved with abradable coat- 
ings in stationary gas turbines, turbocompressors, diesel compressors, tur- 
bochargers, and pumps (Ref 5.9). 

Plasma Spray Coating on Titanium Alloys Used in Fighter Aircraft. 
Fighter aircraft, such as the F-22, use large quantities of titanium alloys, 
approximately 42% of its weight for the airframe and some critical sys- 
tems (Ref 5.53). The titanium alloys are used in aerospace industries be- 
cause of their high strength-to-weight ratio. The alloys, such as Ti-6Al-4V 
and Ti-6Al-2Sn-4Zn-2Mo, possess excellent resistance to fatigue, high 
temperature, and environmental effects. However, these alloys are prone 
to subsurface embrittlement caused by in-service oxidation at elevated 
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temperatures. Vacuum-plasma-sprayed coatings of MCr or MCrAIY are 
used as an effective oxygen barrier. 


Railroad Transport 


George Stephenson, a little-known mechanic in the coal mines of north- 
east England, was the first to run a Blucher locomotive on the rail track he 
had laid (Ref 5.54). This happened in 1814, long before Heinrich Hertz 
formulated his famous rolling contact theory in 1882. Hertz’s theory forms 
the basis of calculating different forces, contact area, and wear in steady- 
state rolling of wheels on the rails. 

Modern railroads provide the most energy-efficient mass transportation 
system for goods and passengers. Emission figures in the railroad trans- 
port system are the lowest in comparison to all other modes of transport. 

Railroads in the United States spend approximately $2.5 billion/year on 
rail replacement and repairs, making rail the most valuable asset for the 
railroad industry in North America. The Transport Technology Center, 
Inc., a wholly owned subsidiary of the Association of American Railroads, 
in Pueblo, Colorado, has a facility for accelerated service testing to con- 
duct full-scale rail performance tests. This allows better understanding of 
the rail characteristics that require improvements and is used to extend rail 
life (Ref 5.55). 

The trend toward an increase in axle loads, train frequencies, and train 
speeds to cater to the needs of increasing freight and passengers results in 
more wear and other damage to the rail system. 

Railroad rails consist of rail tracks plus the crossings, or frogs, where 
the wheels make changes in the track. 

Wear of Rail Steel. Rolling contact fatigue was found to be the domi- 
nant wear mechanism for rails in rail-wheel contact wear. 

A clean steel with fewer subsurface defects improves rolling contact 
fatigue resistance. Higher surface hardness improves wear resistance. 
Pearlitic rail steels with hardness values up to 450 BHN were developed 
for higher wear and rolling contact fatigue resistance, compared to normal- 
ized medium-carbon steel of 320 BHN. A eutectic composition (0.8% C) 
with a fully pearlitic structure is preferred as rail steel due to the low wear. 
Dry sliding wear rates of pearlitic steels are found to be lower than those 
of martensitic or bainitic steels (Ref 5.56, 5.57). The wear rate of pearlite 
increases with an increase in interlamellar spacings (Ref 5.57). For the 
same hardness of 280 VPN (27 HRC), the wear rate of pearlitic steel is 
slightly less than tempered martensitic steel. Tempered martensite is found 
to be more resistant to cracking than pearlite (Ref 5.58). 

Railway crossings, or frogs, are the sections of rails where the wheels 
are guided to change tracks. As the wheels jump over to another track, the 
front triangular nose portion and part of the side rails undergo severe wear 
and battering (Fig. 5.7). 
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Nose portion 
of frog 
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Fig. 5.7 Frog, or railway crossing, showing wear-prone areas of nose portion 
and side rails 


Railroad crossings are normally made from cast Hadfield austenitic 
manganese steels. Austenitic manganese steels in the as-cast condition 
have excellent toughness properties. Heavy impact load in service leads to 
rapid work hardening of the surface layer. Crossing failure occurs due to 
rolling contact fatigue with crack initiation at the subsurface, and its 
growth leads to removal of layers as flakes. Because the replacement of 
worn crossings is costly, they are normally repaired by weld overlays of 
austenitic manganese steel on site or at the nearest workshop. 

Repair and resurfacing provides the opportunity to use superior wear- 
resistant materials as overlay. 

The wear of railroad frog is expressed in terms of gross million tons 
(GMT), which is the average gross million tons carried per year. The pro- 
gressive wear life of the crossing is expressed as the GMT carried before 
wear of the nose portion exceeds a critical value. In Indian railway, the 
critical depth of wear is approximately 6 mm. The wear is measured by 
loss in height in comparison to the wing rails. The wear life in years is 
converted to GMT. For example, the life span of 1.5 years of a frog ina 
10 GMT section of rail is expressed as 15 GMT. 

The increase in axle load and frequency of trains leads to the require- 
ment for frogs with higher GMT. The search for higher-GMT materials 
led to Fe-15Mn-15Cr alloy, a high-manganese stainless steel with superior 
work-hardening and wear properties (Ref 5.59, 5.60). 

A duplex stainless steel showed still higher GMT in both laboratory and 
field tests (58 HRC). With a tolerance limit of 6 mm wear, the life of 
crossings made with rail steel, weld overlay of austenitic manganese stain- 
less steel, and ferritic stainless steel would be approximately 8, 15, and 
33.5 GMT, respectively (Ref 5.59). Field trial results indicate the life of 
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crossings with rail steel, manganese stainless steel, and duplex stainless 
steel as 10, 24, and 48 GMT, respectively (Table 5.8). 

Rail defects caused by tribological interactions between rail and wheel 
include wheel burn and squats. The removal of these defects at an early 
stage by repair and resurfacing with wear-resistant materials is necessary 
to prevent premature rail failure. 

Wheel Burn. This defect on the rail surface is caused by the wheels 
slipping on the rails or during braking; it occurs most often near the ap- 
proaching railway station. The affected area is ground to expose a defect- 
free fresh surface. In the United Kingdom, the ground area is surfaced 
by manual metal arc welding (MMAW) with a low-carbon electrode 
(Ref 5.60). In India, the common practice is to use a spray fusion process 
for depositing a self-fluxing nickel-base alloy (NiCrBSiC) of similar hard- 
ness (30 HRC) to the rails (Ref 5.61). 

Squats. Rolling contact fatigue cracks occur at the rail surface and 
propagate down the flow lines, that is, in the opposite direction to plastic 
shear deformation. The fatigue crack occurs due to unusually severe sur- 
face deformation. Propagation of the crack can cause multiple rail frac- 
tures. Cracks are to be completely removed by grinding before resurfacing. 
Resurfacing is carried out by MMAW with low-carbon electrodes of 
matching hardness. A nickel-base self-fluxing alloy provides a better solu- 
tion for rail surfacing on site. 

Solid Shank Coupler Knuckle. The introduction of high-speed longer 
trains requires a change in the coupling system from the earlier bolster 
hanger to the solid shank coupler to make a connection between the com- 
partments. The increase in stress at the larger contact surfaces in these 
couplers results in more wear at the engaged surfaces. Normal practice for 
surfacing of a bolster hanger is to use a spray-fused NiCrBSi alloy of 40 
to 45 HRC deposit hardness. For a solid shank coupler, the alloy has been 
replaced by the more sliding-wear-resistant, spray-fused composite of 
NiCrBSi + WC (60 to 65 HRC) (Ref 5.60). 

Diesel Engine Valve. Pitting on the sealing face of a diesel engine valve 
surface by hot exhaust gas may lead to burning wear. Surfacing with Stel- 
lite 6 prevents pitting and improves valve life. Resurfacing by Stelliting 


Table 5.8 Railroad crossing life in gross million tons by resurfacing with selected 
alloys 


Lab/field(a), 


Crossing material Resurfacing material Overlay process gross million tons 

Rail steel No resurfacing ies 8/10 

Rail steel Fe-15Cr-15Mn austenitic manganese No buffer 15/24 
stainless steel 

Rail steel Special (duplex) stainless steel Buff of low-carbon steel 33.5/48 


(a) Lab = results of wear simulation tests in laboratory; field = field trial results of over 100 crossings, statistical average of wide span 
of results 
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the diesel engine valve sealing surface leads to an increase in life cycle by 
several fold. 


Machine Tool Industries 


In the metalworking industry, frictional loss is almost 3 times that of 
wear loss. In 1997, tribological energy loss in the metalworking industry 
was 27.9 x 10” Btu, where frictional loss accounted for 20.2 x 10” Btu, 
and wear loss was equal to 7.7 x 10!? Btu. The calculated CO, emissions 
due to friction and wear are 5.7 and 2.19 x 10! metric tons, respectively. 
Advanced surface-engineering processes can reduce frictional loss by 9% 
(i.e., 1.8 x 10” Btu) and wear loss by 71% (i.e., 5.5 x 10% Btu) per year 
(Ref 5.1). The calculated reductions in emission of CO, due to improved 
friction and wear are 513 and 1567 x 10° metric tons, respectively. 

Apart from minimizing friction and wear loss, another objective of green 
tribology is to reduce the use of lubricants by using low-friction tools. 
Vapor-phase-deposited, wear-resistant, low-friction coatings on tools en- 
able substantial reduction in the use of lubricants (Ref 5.62). 

In 2006, 50% of high-speed steel (HSS) cutting tools, 85% of carbides, 
and 40% of superhard tools were coated by the PVD or CVD process 
(Ref 5.63). In 1997, 23% of HSS cutting tools and 67% of cemented car- 
bide tools worldwide were coated by PVD or CVD (Ref 5.64). 

Material-removal operations, such as machining, drilling, grinding, and 
polishing, involve considerable plastic deformation in the primary shear 
zone and friction between the sliding chip and the tool as well as between 
the worn tool and the machined surface. The mechanical work expended 
in these processes is converted almost exclusively into heat and results in 
high temperatures at the chip-tool interface. The productivity in material- 
removal operations is thus limited by the cutting speed that can be used, 
without undue tool wear. Emulsions of oil and water, known as coolants, 
are used to dissipate some of the heat generated. However, the use of in- 
creasingly large quantities of oily fluid and their disposal are hazardous to 
the environment (Ref 5.62). 

The low wear of the cutting edge increases productivity, while the low 
friction coefficient reduces the heat generated, thus requiring less lubri- 
cant. Some of the newer multiple superhard coatings are self-lubricating 
due to extremely low friction, and also, in some cases, the addition of a 
solid lubricant layer serves the purpose of coolants. Numerous multiple 
nanocoatings of alternate hard and tough or hard and lubricating coatings 
are being developed and used. Thin coatings by the vapor-deposition pro- 
cesses, such as CVD and PVD, have minimized the wear of tooling by 
extending tool life several times that of uncoated tools. Productivity has 
increased several fold, thus reducing the energy requirements per unit of 
production. 
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The superhard and extremely low-friction tools for the future include 
nanocoatings of diamond-like carbon, graphite-like carbon, cubic boron 
nitride, and AlMgB,,-TiB, on the hard substrate (Ref 5.65), such as tung- 
sten carbide, or with an intermediate layer of hard carbide or nitride. 

Modern multilayer PVD coatings for high-performance tools permit 
dry machining (Ref 5.64) without decreasing productivity, thus eliminat- 
ing the coolants and the associated lubricating oil. 

A 10% improvement in performance in the mining industry equipment 
for drilling, coring, boring, and grinding would result in a direct savings 
of $100 million/year. A more efficient grinding tool that enables a 25% 
increase in speed would lower energy demands by 100 billion Btu. A 2.5% 
reduction in electric power consumed for cutting operations industry-wide 
would result in a reduction of CO, emissions in the United States by 2 x 
10° metric tons (Ref 5.65). 

Wear of Tools. The wear processes involved in limiting tool life in- 
clude abrasion, adhesion, and diffusion, which account for more than half 
of tool life. The aging processes controlling tool life include fatigue, frac- 
ture toughness, creep, and others, which together constitute approximately 
40% of tool life. (See the section “Tool Life-Cycle Improvement through 
Green Surface Engineering” in Chapter 4 of this book.) The surface inter- 
acting with the workpiece is the flank surface at a relief angle with the 
workpiece. The progressive wear on tools during the metal-removal pro- 
cess occurs on the flank surface. The crater surface is the tool surface in- 
teracting with the turning. The type and nature of turnings lead to different 
extents of crater wear on the surface. 

The wear at different locations on the tool surface interacting with the 
workpiece is indicated in Fig. 5.8 (Ref 5.66). Among these sites, the wear 
on the flank or relief side of the tool is the most dependable guide to tool 
life in the progressive wear process (Fig. 5.8). A wear land of 1.5 mm 
(0.06 in.) for HSS and 0.4 to 0.8 mm (0.016 to 0.032 in.) for carbide is 
usually used as an endpoint. 

Coatings to Improve Tool Wear Life. Machine tools are normally 
made of HSS or tungsten carbide (WC + cobalt binder). High hot hardness 
of cutting tools in high-speed machining allows retention of the cutting 
edge of tools made from HSS. However, for machining high-hardness ma- 
terial, tools made from tungsten carbide are preferred. The wear-resistant 
properties of both HSS and WC tools are further improved by coatings of 
hard nitrides and carbides. 

The vapor-phase deposition process allows thin, micrometer-level hard 
material coatings on the working faces of tools. The PVD and CVD pro- 
cesses are used to deposit hard nitrides, carbides, DLC, and other hard 
coatings. 

The PVD process can be carried out on tools after heat treatment or on 
finished tools, provided that tempering has been carried out above the 
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Fig. 5.8 Wear surfaces of common tools due to tool motion (V). A—A, sec- 
tion. Source: Ref 5.66 


PVD process temperature employed. New ISO/Euronorm grades of car- 
burizing steels with higher tempering temperatures (>300 °C, or 570 °F) 
are increasingly being used for carburizing gears, dies, and tools to enable 
coating of TiN, TiC, and diamond on the finished components (Ref 5.46). 

The cutting tool industry has derived maximum benefits in terms of 
improved wear life from the successful applications of PVD and CVD 
coatings. 

The commonly used coating materials are TiN and TiC. Various combi- 
nations of coatings, such as TiC + TiN or TiC + TiC(N) + TiC, are also used 
to improve tool life. Viable alternatives to the most popular binary titanium- 
nitrogen, with significantly improved wear- and oxidation-resistant proper- 
ties, include ternary TiAlN, TiZrN, and quaternary TiAIVN. The addition 
of aluminum to binary titanium-nitrogen improves wear and oxidation re- 
sistance. Aluminum forms a stable oxide film at higher temperatures, which 
acts as a diffusion barrier layer. 

The tool life of TiAIN-coated HSS drills has been extended by 3 times 
that of conventional TiN drills (Ref 5.67). 

The cutting speed of Stellite tools coated with TiC, TiN, and Ti(C,N) 
can be increased 2 times more than uncoated tools, while with the TiAIN 
coating, the speed can be tripled without producing major wear marks 
(Ref 5.68). 

The selected machine tools with common coatings for operations on 
different materials are listed in Table 5.9. 
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Table 5.9 Machine tool operations on selected materials and common coatings 


Steels and alloy steels 


Operation (hardness < 55 HRC) Stainless steels Ni-base superalloys Cast iron Plastic 
Drilling TiN-TiAIN TiN-TiAIN AITiN TiN-TiAIN TiN 
TiN-TiAIN AITiN TiCN 
Turning TiN-TiAIN TiCN TiCN TiN-TiAIN TiN 
TiAIN TiAIN AITiN TiCN 
Milling TiN-TiAIN TiN-TiAIN AITiN TiN-TiAIN TiN 
TiN-TiAIN TiCN 
Tapping TiN-TiAIN AITiN TiN-TiAIN TiAIN TiN 
TiAIN TiCN 
TiCN 
Reaming TiAIN TiAIN TiAIN TiAIN 
Broaching TiCN o TiN-TiAIN AITiN 
TiN 


Improvements in tool life to the extent of 100 to 400% are obtained by 
hard, wear-resistant electron beam physical vapor deposition (EB-PVD) 
coatings of TiC, TiN, and TiAIN. The EB-PVD coatings of TiCN, TiAIN, 
and CrN are developed to cater to the needs of specific tooling applica- 
tions. 

The TiCN coating has both high hardness (~3000 HV) and toughness 
but lower oxidation temperature (400 versus 600 °C, or 750 versus 1110 °F) 
in comparison to that of TiN. Therefore, the TiCN coating is used for in- 
terrupted cutting tools, such as milling, where tool temperature rise is less 
and high toughness prevents tool breakage. 

The titanium-aluminum nitride (TiAIN) coating is hard, tough, and ca- 
pable of withstanding high temperature. Therefore the TiAIN coating is 
recommended for high-speed tooling, where it requires fewer lubricants, 
or for dry machining. An additional lubricious carbon-base coating on 
the TiAIN layer can minimize heat generation through reduced friction 
(Ref 5.46). 

The trend toward increasing the cutting speed and the need to cut the 
newer hard materials has led to the development of coated tools with 
higher hardness and longer life in more severe wear situations. A large 
variety of coatings, designed to improve the performance of both HSS and 
cemented carbide tools, have been developed, including Ti(C,N,O) and 
HfC, double coated with TiC/AI,O, and triple coated with TiC/Al,O./TiIN 
(Ref 5.69). 

Diamond-like carbon coating technology has advanced remarkably in 
the last 10 years. The coatings have tribological advantages due to their 
high hardness, surface smoothness, and chemical stability and are being 
applied to some automobile and machine parts. The DLC films are chemi- 
cally inert, a property that is expected to be used for controlling lubricant 
decomposition on the sliding surface. 

In applications involving drilling, milling, turning, and tapping, ternary 
TiCN or TiAIN coatings have shown good performance in operations in- 
volving ferrous and nonferrous components. The type of coating, single or 
multilayer, depends on the speed, depth of removal, and type of material 
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to be machined. Diamond or DLC coatings cannot be used for ferrous 
materials. 

An endmill is a type of milling cutter used in industrial milling applica- 
tions. While a drill bit can only cut in the axial direction, a milling bit can 
generally cut in all directions, although some cannot cut axially. In these 
applications, binary TiN has been replaced by ternary TiAIN and quater- 
nary TiAICrN, AICrTiN, and AITiCrN coatings by PVD. 

Advanced endmills with amorphous diamond and nanocomposite PVD 
coatings are gaining popularity in high-end shops. These are also used in 
drill bits. 

Superhard diamond coating further reduces the wear of machine tools. 
An additional benefit is its very low friction coefficient (0.1 to 0.05), mak- 
ing the tool surface self-lubricating. This leads to huge energy savings and 
an eco-friendly operation. Reducing the friction coefficient in TiN coat- 
ing, with an average of 0.5, to that in DLC, which is 0.05, leads to one- 
tenth the energy loss in DLC compared to TiN. In practical terms, the 
insignificantly low friction coefficient value would result in almost zero 
energy loss due to friction. Low wear ensures low energy loss in the su- 
perhard DLC coating. 

Switching over from the existing coating material to DLC on 10% of 
the tools can result in a reduction of frictional loss amounting to 2.79 x 
10” Btu. Thus, it would be possible to reduce frictional energy loss to a 
negligible amount in the machine tool industry in the near future by using 
almost-zero-friction superhard coatings (Ref 5.63). 

Diamond tools are made from diamonds by sintering or hot pressing 
with a suitable binder (Ref 5.18, 5.70). The processing temperature must 
be lower than the decomposition temperature of diamond. The function of 
the binder is to bind together the hard grits and to expose the cutting edges 
by gradual wear of the matrix during use. Synthetic diamond grits now 
account for almost all industrial diamond consumed. In addition to poly- 
crystalline diamond (PCD), polycrystalline cubic boron nitride (PCBN) is 
also used as tool material. The PCBN tools are used for cutting operations 
involving iron-base materials, where PCD tools cannot be used. 

Superfine micrometer or submicrometer powders of cobalt, nickel, or 
iron and their alloys are used as the matrix to sinter below the graphitiza- 
tion temperature of 1000 °C (1830 °F). Pure cobalt is an excellent binder 
for diamond grits. However, cobalt has been found to catalyze graphitiza- 
tion of diamond grits at elevated temperatures. A self-fluxing nickel-base 
composite (NiCrBSi + WC) has been found to be an excellent binder in 
PCD tools. 

The PCD tools are used for drilling (for oil exploration), segmented 
saws (for cutting of granite, hard rock, and concrete slabs), and grinding 
tools (superhard materials, including diamond). Superhard diamond tools 
have enabled all these newer applications to be performed efficiently in 
polluting sectors, such as mining and construction industries. 
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Mineral-Processing Industries 


The mineral-processing industries include the extraction/quarrying of 
minerals in the form of lump ores (minerals + gangue), followed by crush- 
ing and grinding to form fines, where most of the minerals and gangue 
exist as separate particles. The fine particles of minerals and gangue are 
subsequently separated by mineral-dressing operations. 

United States citizens rely on 21,000 kg (46,000 Ib) of mined materi- 
als, including 3400 kg (7500 Ib) of coal energy per year (Ref 5.71). The 
ore size-reduction processes, such as crushing and grinding, account for 
more than one-half of the hard-rock-processing energy cost. The estimated 
consumption of electrical energy in 1999 was 29 billion kWh/year for 
size-reduction processes in mining (Ref 5.71). The estimated energy loss 
due directly through friction and indirectly through wear in the mining 
and mineral-processing industries is equivalent to 15 x 10° kWh, account- 
ing for one-half of the nation’s wear losses in the industrial sector (Ref 5.72). 
With 10% savings in wear and friction loss, the corresponding reduction 
in CO, emission is 1.46 x 10° tons. High wear leads to higher maintenance 
costs of mineral-processing equipment. The estimated maintenance cost is 
up to 40% of the operating cost (Ref 5.73). 

Approximately 1000 megatonnes of material is excavated in Australia; 
much of this is material waste that must be handled in order to retrieve 
metalliferous ores or coal. The cost of wear is approximately 2% of the 
salable product. The annual production by a large iron ore mining com- 
pany may be as high as 40 megatonnes, involving a direct cost of $6 mil- 
lion Australian per annum in 1977 values through the replacement of 
wearing parts (Ref 5.74, 5.75). Abrasion with minerals and gangue has 
been the predominant type of wear in mineral-processing equipment. 

By improving the life of mineral-processing equipment, the process ef- 
ficiency can be improved, with an accompanying reduction in energy con- 
sumption. The more efficient production and transportation of minerals 
would lead to less expansion of mining activities and deforestation. 

To improve efficiency and productivity, the equipment must withstand 
a more severe wear envelope. For example, abrasive slurry pumps were 
typically operated at a maximum of 4 to % of their rated speed in order to 
mitigate wear. Differential pumping pressures in the slurry pump for abra- 
sive slurry are limited to roughly 60% of nonabrasive levels, thus limiting 
throughput and decreasing energy efficiency of the pumps. A 30% market 
in abrasive pump wear components was projected to result in total energy 
savings of 5 trillion Btu/year. Total possible energy savings by minimiz- 
ing abrasive wear in the slurry pump amounts to 16.5 trillion Btu/year 
(Ref 5.66). 

Equipment in Mineral-Processing Industries. In mineral-processing 
industries, the extraction of ores is followed by size reduction to liberate a 
smaller percentage of minerals in the ore from the larger quantities of 
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gangue. Material is normally crushed at the mine site and transported by 
belt conveyor, thus eliminating the need for heavy truck transport. This 
step reduces operating costs and CO, emissions due to road transporta- 
tion. The next stage is the transportation of crushed ores to a further pro- 
cessing stage. In each stage, the interaction with abrasive ores results in 
wear of the components: 


e Extraction/quarrying: Equipment or components subjected to wear in 
extraction and quarrying processes include buckets, dredgers, shovels, 
draglines, excavators, drills, bulldozers, and scrapers. 

° Seizing of ores: The equipment (components needing wearfacing) for 
seizing and separating mineral from gangue includes hammer mills 
(hammers, liners), gyratory/cone crushers (mantle, liner, shaft), jaw 
crushers (jaws), rotary ball mill (liners, trunnion, separator), roller/ 
bowl mill (roller, trunnion, bowl, classifier), impact/bar/tooth (bar, 
teeth, liners, rolls, shafts), and screen/separators. 

° Transportation of ores: Equipment (components needing wearfacing) 
for carrying and transporting ores includes screw conveyors (flights, 
shafts, coupling, barrel), belt conveyors (rollers, bearings), fan con- 
veyors (blades, shafts), pump (piston, impellers), cranes (wheels, rails, 
buckets), chain conveyors (links, pins, plates), chutes (liners), and 
bucket conveyors (buckets, sprockets). 


Type of Ore. Ore is a combination of mineral and gangue. Most of the 
gangue material is made of clay (aluminosilicate) and free silica (quartz). 
Hardness values of selected minerals and the corresponding wear-resistant 
microstructure/material are shown in Table 5.10. The hardness of the com- 
mon minerals varies from soft coal or limestone (1.5 to 2.5 GPa) to hard 
granite (5.0 to 7.8 GPa). Quartz has the highest hardness at 7.8 GPa or 
more. 

Extraction and quarrying of ores requires hard material such as tungsten 
carbide to break the hard rock containing quartz. The material for seizing 
and transporting of minerals is selected according to the hardness of the 
mineral. However, the presence of large quantities of silica in the mineral 


Table 5.10 Hardness of abrasives (minerals) and corresponding wear- 
resistant materials 


Abrasive (mineral) Hardness, GPa Wear-resistant microstructure/material Hardness, HV 
Limestone 1.5-2.5 Pearlite (alloyed) 300-460 
Coal 1.5-2.5 Austenite (12% Mn steel) 170-230 
Bauxite 1.5-4.1 Austenite (high-Cr iron) 300-600 
Copper ore 3.44.0 Martensite 500-1000 
Hematite 4.6-6.4 Cementite 840-1100 
Granite 5.0-7.8 (FeCr),C, 1200-1700 
CrC, 1500-2000 


Quartz 7.8 (900-1200 HV) WC 2400 
Source: Ref 5.76 
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can lead to high wear rates in surfaces with hardnesses below 1200 HV. 
Soft coal contains approximately 40% ash (mostly silica), thus increasing 
abrasive wear at interacting surfaces with hardnesses (H) below that of 
quartz. The transition from low to high abrasive wear takes place when the 
ratio Of Hy inera/Haprasive iS in the range of 0.7 to 1.1 (Ref 5.21). The wear- 
resistant material in such a situation can be from structures containing 
martensite, cementite, or preferably chromium or tungsten carbides. 

The most widely used hardfacing materials in seizing and transporta- 
tion in the mineral-processing industry include chromium white irons 
containing chromium carbides. 

Materials for Improving Plant Life. The commonly used materials in 
OEM and M&R stages include white cast irons (low-, medium-, and high- 
chromium contents), manganese steel (Hadfield type), and tungsten car- 
bides (various sizes and shapes). 

High-Chromium Irons. The properties and mineral-processing applica- 
tions of major high-chromium irons are tabulated in Table 5.11. 

The high abrasive wear of mineral-processing equipment requires a 
heavy buildup of wear-resistant overlay alloy. The overlay deposit also 
adds to the required strength of the section. A fusion weld surfacing pro- 
cess is used in the repair and resurfacing of mineral-processing equipment 
subjected to heavy impact loading. The buildup of a 9 mm thick, three- 
layered deposit from a 4 mm diameter flux-coated manual metal arc elec- 
trode is not uncommon in mineral-dressing operations. 

Technoeconomics in this case favor weld overlays with chromium 
white cast iron with good to excellent wear-resistant properties. In fusion 
welding, dilution can cause a change in composition of the weld overlay 
from that of the original coating material. The change in chemical compo- 
sition alters the abrasive wear characteristics of the overlay. However, in 
multilayered buildup by MMAW or flux-cored arc welding (FCAW), the 
extent of dilution becomes progressively reduced in the successive layers, 
normally resulting in coating material composition in the top layer. 


Table 5.11 Properties and selected applications of chromium white irons 


Relative Relative 
Alloys Hardness, HV wear test(a) wear test(b) Applications 
Ni-Hard I 534(C), 645(H) 1.35(C), 1.42(H) ee Slurry pumps 
Ni-Hard II 486(C),526(H)  1.44(C), 1.47(H) aon Coal pulverizers 
Ni-Hard IV 489(C), 702(H) 1.48(C), 1.45(H) 1.32(H) Slurry pumps, liners for ball mills 
15-3 iron 562(C), 774(H) 1.13(C), 1.0(H) 0.76(H) Hammer, impact bar, small jaw 
15-2-1 iron 776(H) oii 1.0(H) Hammer, impact bar, small jaw 
20-2-1 iron 482(C), 743(H) 1.42(C), 1.29(H) zag Crusher liners for ball mills 
28Cr-iron 570(C), 663(H) 1.23(C), 1.14(H) ai Slurry pumps, liner for ball mills 
17Cr-iron 770(H) ae 0.93 g(c) Sizing screen, chutes 
23Cr-5Si 77\(H) ee 0.15 g(c) Clay augers, pug mill paddles 
28Cr-SNb-5C 60-65 HRC or T Crushing mantles 
25Cr-6.5Nb-6Mo-2.5W-0.8V 62-67 HRC iad aaa Induced-draft fan 


C, cast; H, hardened. (a) Hazemag rotary impact crusher test (2000 kg quarry stones broken for specified time by test blow bars made 
from alloys tested. Loss in weight of impact bar reported as wear). (b) Harworth ZIA 116, similar to ASTM G65. (c) Rubber wheel 
abrasion test. Source: Ref 5.21 
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The chromium white cast irons cover a wide range of hardness, from 486 
to 770 HV. In chromium-rich iron with chromium percentage above 12%, 
a carbide, (FeCr),C,, is formed. The hardness of the carbide is 1700 HV, 
twice that of quartz (Ref 5.18). The presence of extremely hard chromium 
carbides in high-chromium iron can cause substantial reduction in abra- 
sive wear caused by abrasive quartz particles. The addition of 2 to 3% Mo 
improves toughness and resistance to spalling, pitting, and hot checking. 
White iron forms an austenitic matrix in cast and weld conditions but can 
be converted to a martensitic matrix by heat treatment. Apart from the 
matrix, the wear resistance of chromium white iron depends on the type, 
size, orientation, and distribution of the carbides. 

The highly alloyed irons retain high hardness up to a temperature of 
600 °C (1110 °F) and are used for high-temperature abrasion and erosion 
applications. 

Austenitic Manganese Steels (Hadfield Type). For applications requir- 
ing high toughness, the austenitic manganese steels (Hadfield steel) are 
used. 

Austenitic manganese steel, or Hadfield steel (basic composition of Fe- 
1%C-2%Mn), has excellent toughness properties, and its high strain- 
hardening mechanical properties remain unaffected within 12 to 20% Mn. 
The addition of more than 11% Cr to the basic composition makes the steel 
stainless. The stainless austenitic manganese steel has a higher rate of work 
hardening than Hadfield steel, apart from being corrosion resistant. 

The high toughness of manganese steel is exploited in several applica- 
tions, such as rock-crusher liners, where work hardening resists cracking 
and removal of sizable wear fragments (Ref 5.77). The surface hardness 
due to work hardening in crusher liners is maintained at 45 to 55 HRC 
over a base of a high-toughness combination that cannot be duplicated in 
the laboratory. The depth of the surface-hardened layer is approximately 
2.5 mm (0.10 in.) from crushing of hard rock. A true stress-strain curve 
shows a strengthening of approximately 30 MPa (4400 psi) per 1% strain 
(Ref 5.77). 

The weld deposit is water quenched to retain the austenitic structure. 
Slow cooling of the weld leads to embrittlement due to carbide formation 
at the grain boundaries. The addition of 1 to 2% Mo lowers the critical 
cooling rates for carbide formation. The molybdenum-containing grades 
are used in a variety of applications involving extremely heavy sections, 
such as thick, gyratory crusher mantles and liners for ore. The grade is 
also used where repeated weld rebuilding is required, such as roll crusher 
shells and impact pulverizer parts. With heat treatment, the molybdenum- 
containing grade can be dispersion hardened to the higher yield strength 
of 462 MPa (67,000 psi) compared to 380 MPa (55,000 psi) for the stan- 
dard molybdenum-free grade. Its main application is cone crusher liners 
that process hard, abrasive rock. The improved wear resistance (10 to 
30%) is important in high-production applications. The combination of 
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high toughness, abrasion resistance, and yield strength is exploited in 
large shovel adapters for taconite mining. 

Many key crusher components of this equipment are manufactured from 
manganese steel. Wherever possible, repair and resurfacing of these items, 
such as hammers, rolls, and bars, is carried out with manganese filler met- 
als. The manganese deposits work harden in service to resist gouging or 
impact wear. It is good practice to finish these applications with a top layer 
of severe-abrasion-resistant high-chromium iron. This procedure is typi- 
cally used to repair mantles of bell-type gyratory crushers. Regardless of 
the base material (manganese or carbon steel), the manganese-type product 
for buildup should be used. 

Tungsten Carbide Composites. For extreme abrasive wear resistance in 
mining applications, tungsten carbide of various sizes and shapes is used. 
Tungsten carbide composites (WC with cobalt as the binder) are exten- 
sively used as coating materials in the mineral-processing industry, in- 
cluding mining and earthmoving. For surfacing by the fusion process, the 
composite needs a fusible matrix, such as copper or nickel-base alloy, for 
brazing and iron or nickel for arc welding (Table 5.12) (Ref 5.13). 

Massive angular tungsten carbide (157 mils) in a brazing matrix is de- 
posited by gas brazing in the cutting edge of rock drills, oil drills, sand 
mixer blades, and oil well fishing tools. A weld deposit of tungsten carbide 
(33 mils) in an iron matrix is used in applications such as bucket teeth, 
ripper points, and auger blades. Smaller-sized tungsten carbides (17 to 
30 mils) in an iron matrix are used as weld overlays in rock drills, ditcher 
teeth, and so on (Table 5.12). 

The finer tungsten carbides in a self-fluxing NiCrBSiC alloy matrix are 
used as overlays in bearing and other areas by either gas welding or ad- 
vanced plasma-transferred arc welding. 

The rock cutter requires different surfacing treatment for its compo- 
nents. For example, rolling cutter rock bits consist of three major com- 
ponents: cones, bearing pins, and bit body. All steel teeth cones require 


Table 5.12 Tungsten carbide composite overlay materials 


Composition Overlay Application 


Undissolved sintered carbide in 6xx matrix; carbide size Massive carbide as Rock drills, oil drills, sand mixer 


> 4000 um (157 mils) individual cutting blade, oil wall fishing tools 
edges 
Tungsten carbide particles in iron matrix; carbide size Strong deposit Bucket teeth, ripper points, oil 
> 850 um (33 mils) drill collars, auger blades, teeth, 
oil well drills, bulldozer end 
tips 
Tungsten carbide particles in iron matrix; carbide size Strong deposit Rock drills, ditcher teeth, dry 
425-850 um (17-33 mils) cement pump, screws, suction 
dredge blades 
Tungsten carbide particles in iron matrix; carbide size Hard deposit a 
150-425 um (6-17 mils) 
Tungsten carbide particles in iron matrix; carbide size Hard deposit Ripper tines, ditcher teeth, cement 
< 150 um (6 mils) pump, screws, tool joint 


Source: Ref 5.13 
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hardfacing or wearfacing with tungsten carbide composites in the gage 
surfaces. Wearfacing materials are also applied to the teeth, depending on 
the intended use of the cone. Wearfacing improves wear resistance to the 
teeth but reduces resistance to chipping. Hence, for hard-formation cones, 
only the gage is wearfaced and not the teeth. For soft-formation cones, usu- 
ally both teeth and gage are wearfaced. The nose bearing area as well as the 
thrust surface areas are hardfaced and ground to provide precision friction 
bearing surfaces. A high-hardness cobalt-base alloy, such as Stellite 1 or 
190, is normally deposited in these areas by the gas welding process. How- 
ever, the plasma-transferred arc deposit of a powder alloy composite con- 
taining nickel alloy plus tungsten carbide has shown superior performance 
in comparison to gas-welded Stellite in these application areas (Ref 5.78). 

Type of Wear and Surfacing Processes. The predominant type of 
wear in mineral processing is abrasion due to ores. The repetitive impacts 
are also an important factor in such applications as crushing. The opera- 
tion, such as crushing or grinding of minerals, involves application of a 
higher load over a wider contact area, resulting in heavy wear at the inter- 
acting equipment surface. Protection of the working surface from wear 
requires an overlay thickness of 13 mm (0.5 in.) and above. The main 
deposition process for such applications is welding, which enables build- 
ing a heavy-thickness overlay and also adds to the strength of the basic 
material. Strong metallurgical bonding of the weld overlay to the base 
material makes the coating an integral part of the component. The normal 
welding process is MMAW. For large and repetitive jobs that involve cov- 
ering flat or relatively simple curved surfaces, automatic FCAW or sub- 
merged arc welding processes are used. 

Hard-Top Casting. For a thick overlay on hammers, molten surfacing 
material can be cast onto the working face. The beater plates in a coal 
pulverizer hammer are made by cast-bonding of a white cast iron layer 
onto the base material (Ref 5.21). 

Plasma-Transferred Arc Welding. In the case of a nickel-base tungsten 
carbide metal-matrix composite (MMC), which is a common material 
used in oil sands applications, the tungsten carbide particles act as the re- 
inforcing phase bonded in the ductile NiCrBSi or NiBSi matrix alloy. 
These composites combine the wear resistance of tungsten carbide (2200 
to 3100 HV) and the ductility of nickel to produce a tough material. This 
process can produce relatively thick weld overlays (typically 4 to 6 mm in 
a single pass), and with the appropriate selection of welding parameters, it 
is possible to achieve low penetration and low dilution levels. Plasma- 
transferred arc welding (PTAW) is usually automated, which produces 
consistent MMC overlays and achieves higher productivity than manual 
welding (Ref 5.79). 

Laboratory tests and field applications have shown that these nickel- 
WC MMC overlays, applied by PTAW, can significantly improve the per- 
formance of oil sands mining equipment and extend their service life by 
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up to 500%, depending on the specific application (Ref 5.80, 5.81). The 
plasma-transferred arc process has also been used for deposition of high- 
chromium cast irons with improved wear resistance of the overlays in 
comparison to those obtained by other welding processes. 

Wear Plates. High deposit thickness allows prefabrication of plates to 
suit the surface contour as well as attachment of the plates in wear-prone 
areas. Wear plates are made by weld surfacing wear-resistant alloys onto 
mild steel plates. The automated FCAW process is normally used for wear 
plate manufacturing. Applications of wear plates include: 


° Crusher main frame liners 

e Grizzly bars 

° Earthmoving buckets and liners 
e Chute liners 

e Bin and hopper liners 

e Slurry pipes and bends 


Cement Industries 


Cement is considered one of the most widely used materials. Its pro- 
duction plant is one of the worst emitter of GHGs. Cement is made by 
heating limestone and clay until they fuse into a material called clinker, 
which is then ground and mixed with various additives to form cement. 
The heating by coal and the decomposition of limestone lead to genera- 
tions of large quantities of carbon dioxide. 

It is estimated by cement industries that approximately 5% of the world’s 
emissions of carbon dioxide are due to cement, which is double the emis- 
sion figure of the aviation industry. The European Union has imposed re- 
strictions on emissions from cement kilns. The major cement producers 
have an effort called the Cement Sustainability Initiative that imposes vol- 
untary cuts on emissions. For example, Lafarge and Holcim pledged to cut 
emissions/ton of cement by one-fifth by 2010, and Comex by one-quarter 
by 2015 (Ref 5.4). China is the largest producer of cement, followed by 
India, and they are the major emitters in this sector. Both of the countries 
are on the right track to reduce emissions with the available technologies. 
The United States ranks third in the world in overall cement output. 

Despite the aforementioned marginal measures for emission reduction 
per ton of cement, increasing demand results in higher total emissions. 
Protection of cement structures by coating the reinforced bars with fusion- 
bonded epoxy has the possibility of reducing cement consumption. 

The calcinations process used in cement manufacturing (Ref 5.82) is a 
major source of carbon dioxide emission. The process decomposes cal- 
cium carbonate (limestone) at elevated temperature by a calcining reaction 
(CaCO, = CaO + CO,) to produce CaO and CO,. Calcium oxide (CaO) is 
the basic ingredient in the cement-making process. There is no technologi- 
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cal or physical way to reduce calcination-reaction emissions. Cement con- 
tains approximately 61% CaO. Hence, the calcining reaction produces 
roughly 0.48 tonnes of CO, (almost one-half) for each tonne of cement 
manufactured. Direct emission of CO, is related to the quantum of cement 
production. Reduction in the quantity of cement produced is the only al- 
ternative to minimize CO, emission by calcination. This is possible by 
extending the life of cement structures through surface-coating technolo- 
gies. For emission reduction in the cement industry in addition to saving 
energy by minimizing wear and friction loss, it is important to prolong the 
life of cemented structures to reduce cement requirements and hence 
production. 

Prolonging the life of cemented structures through improvement of the 
corrosion resistance of reinforcing steel bars has gained importance in 
recent years. 

Tribological Interactions. In cement industries, intense tribological 
interactions lead to wear and energy loss at various operational points 
(Ref 5.83): 


e Winning raw materials: Wear affects the performance of the drill bits, 
digger teeth, haulage truck bodies, feed hoppers, hammer mills, re- 
claiming scrapers of blending beds, ball mills, and conveying equip- 
ment. For hard rocks such as marble and limestone, normal quarrying 
equipment includes drills, shovels, bulldozers, and so on. For softer 
materials such as clay and chalk, equipment includes bucket excava- 
tors, draglines, shovels, and reclaimers. Raw materials are brought to 
crushers by dump trucks, long belt conveyors, or both. The most prev- 
alent wear modes include one or a combination of abrasion, impact, 
erosion, and fatigue. Extracted raw materials go through a primary 
crusher (jaw, gyratory or rolling bar/tooth-type crushers), followed by 
secondary crushers (rotating hammers, bowl or ball mill). The crushed 
powder is fed to closed-circuit grinding mills (rotating mill and bowl/ 
roller mill), with a feedback loop consisting of separator screens, clas- 
sifiers, and conveyors to recycle. Selected applications in this area 
were discussed in the previous section. 

e Burning material: Wear occurs on the burner nozzles, handling appli- 
ances, and coal mill discharge points. Powder material is fed into 
the kiln, where the primary fuel used is coal for burning at 1480 °C 
(2700 °F) to form marble-sized clinker. Hot clinker is discharged on 
coolers (rotary or flat plate types). Clinker is highly abrasive and can 
cause severe abrasive wear of coolers and other conveyors unless pro- 
tected by a wear-resistant coating. The coating should also resist ther- 
mal wear. 

e Grinding clinker: Wear occurs in the ball mill, discharge chutes, cy- 
clones, and fans. The clinker is ground to extremely fine powder after 
the addition of a small amount of gypsum. The fine powder is portland 
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cement. A multicompartment ball mill is used for grinding to fine pow- 
ders. For powder recycling, sizing, and to prevent pollution, screens, 
filters, cyclones, hoppers, and conveyors are used, which are subjected 
to erosion and abrasion wear by fine, hard particles. 

Cement-loading installations for dispatch in chutes and sack-packing 
machines: Wahl (Ref 5.83) listed four different industries (including 
cement), their wear-prone components, and the life-span extension 
due to wear surfacing (Table 5.13). Except for a few, such as the blast 
furnace bell, most of the applications are common to all of the four 
industries in various processing operations. Improvement in life cycles 
by wear surfacing in cement-processing components is 3- to 4.5-fold 
compared to that of uncoated surfaces. 


Wear in the cement industry is more severe in crushing, grinding, and 
handling of hard clinker. 


Wear-Resistant Materials Used for Surfacing. High wear of most of 


the components demands heavy buildup of wear-resistant materials to re- 
duce the frequency of resurfacing through life-cycle extension. Repetitive 
heavy buildup requires large quantities of consumables. The following 
types of consumables are normally used. 


White cast iron includes the following: 


Low-chromium white iron (2Cr/4Ni/2.8—3.5C): Ni-Hard I and II with 
a martensitic structure for use as liners in coal pulverizers 
Medium-chromium white iron (9Cr-3C-5Ni): Ni-Hard IV for use in 
mineral- and coal-grinding ball mill liners 

High-chromium white iron (above 15% Cr): Includes 15-3 iron (3C- 
5Cr) for use as hammers, impact bars, and small jaws; 15-2-1 iron 
(15Cr-2Mo-1Cu) with austenite stabilizers (molybdenum and copper), 


Table 5.13 Surface engineering prolongs service life 


Service life after/ 


Sector or industry Wearing parts before surfacing 
Lignite mining Excavator bucket teeth x5 
Crusher hammers x6 
Bucket-chain links x3 
Iron and steel industry Sinter crushers x4 
Grate and grizzly bars x4 
Blast furnace top bells x8 
Screens x17 
Chutes x10 
Linings for cyclones x8 
Refractory industries Scrapers x2.5 
Impact bars in crushers x10 
Screw conveyors x5 
Cement industry Cement pumps x4 
Mixer blades x4.5 
Rotor blades x3 


Fan linings x4 


Source: Ref 5.83 
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which is tougher and has superior wear properties compared to 15-3 
and is used for hammers, impact bars, and small jaws; 20-2-1 iron 
(20Cr-2Mo-2Cu) for use as crushers and ball mill liners; 28-iron 
(28Cr, optional molybdenum and copper) for use as ball mill liners; 
and high-alloyed white cast iron, where the addition of 1 to 7% W, 1% 
V, and 6 to 9% Nb resists severe abrasive and erosive wear at elevated 
temperatures. 


Austenitic High-Manganese Steels (Hadfield Type). High toughness and 
rapid strain hardening make the austenitic high-manganese steels suitable 
for hammer applications both in the original cast form in OEM and for 
rebuilding worn hammers by weld deposition. 

Ceramic-(Al,O,) Tiles for Lining Chutes. Tiles are adhesive bonded to 
base materials. 

Surfacing processes include the following. 

Weld Surfacing. Heavy deposits of metallic materials are mostly carried 
out by the welding process. Tubular wires are preferred due to their high- 
deposition efficiency. 

Wear Plates. Alternatively, prefabricated hard-surfaced plates, known 
as wear plates that are ready for installation as flat or shaped, are increas- 
ingly being used to improve the service life of components such as cy- 
clone liners, clinker chutes, fans, bends, or ducts in pipelines. Prefabricated 
wear plates have been successfully used to protect teeth of excavator 
buckets. 

Hard-Top Casting (Ref 5.84). Crushing hammers can be made by a 
composite casting process in which wear-resistant top material is inte- 
grally cast onto the tough base material in a mold. The process can be used 
to build a worn portion of the hammer to the required dimensions using 
wear-resistant material. 

Thermal Spray. A comparatively new application in cement plants is 
the O-Sepa air separator (Fig. 5.9). Thermal spray deposits have been de- 
veloped and used successfully to reduce wear in guide vanes and blades. 

O-Sepa Air Separator. The third-generation air separator is mainly used 
for raw materials and clinker classification and setting up a closed-circuit 
grinding system with a tube mill. It is widely used in cement, chemical, 
metallurgical, and other industries. The O-Sepa (Ref 5.85) is an advanced 
powder separator for a more accurate classification of separating cement 
clinker powder. The specially shaped rotor blade replaces the general rotor 
blade and results in an increased separating region. 

In practical terms, the material separation rate is higher and better. The 
powder-selecting efficiency is higher than 80%. Guide vanes and rotor 
blades are subjected to erosive wear by separating particles. An atomized 
thermal-sprayed, self-bonding nickel-base powder containing hard car- 
bides, borides, and silicides was developed and used successfully to re- 
duce erosive wear of the rotor blades. Two cement plant manufacturing 
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Fig. 5.9 Vanes and blades of an O-Sepa air separator subjected to erosive 
wear. Source: Ref 5.82 


units have found major improvement by several fold in the wear life of 
rotor blades. The coating processes were carried out by plasma spraying 
in a repair workshop and by spraying in situ with a high-energy oxyacety- 
lene torch at an equipment manufacturing site (Ref 5.86). 

Improvement in Cement Structure Life Cycle; Corrosion-Resistant 
Coating on Reinforcing Bars. Cement manufacturing has been recog- 
nized as one of the leading carbon dioxide emitters. As pointed out ear- 
lier, a CO, emission of roughly one-half the quantity of cement produced 
(0.48 tons/ton of cement produced) will always be generated in the calci- 
nation process during cement manufacturing. An increase in cement pro- 
duction will always be accompanied by CO, emission of one-half the 
quantity of cement produced. 

The only alternative is to cut down on cement production. This is a dif- 
ficult proposition in view of the growing need for cement requirements in 
infrastructures such as bridges, highways, and buildings. However, if the 
life cycle of heavy cemented construction can be increased several fold, it 
would be possible to cut down the cement production accordingly. 

To extend the life of this construction, improvements must be made to 
the corrosive wear life of the reinforcing steel bars (rebar). Corrosive wear 
of the reinforcing steel bars leads to early failure of cemented structures in 
saline environments. Among the most promising methods of combating 
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steel rebar corrosion in concrete parking decks, bridge decks, and other 
areas is the use of fusion-bonded, epoxy-coated rebar in new construction 
and those in repair. The chief danger to uncoated steel bars in northern and 
coastal areas in the United States is from corrosion that occurs after cal- 
cium chloride or sodium chloride seeps into the concrete. The sources of 
these chlorides are deicers or seawater spray. 

Fusion-bonded epoxy (FBE) is the most preferred and successful 
corrosion-protection system for underground pipelines. Reduction in ad- 
hesive strength of FBE in wet environments is a concern with regard to its 
ability to provide long-term protection. However, FBE in wet environ- 
ments does provide long-term protection, as evidenced by the excellent 
field performance in excess of 20 years in the Middle East. This is attrib- 
uted to the excellent resistance of FBE to oxygen permeation. Although 
water permeates FBE, it is greatly resistant to oxygen permeation. There- 
fore, FBE can provide corrosion protection even in wet conditions with a 
reduced adhesive strength (Ref 5.87, 5.88). Fusion-bonded epoxy has be- 
come a standard practice and is adequately covered in ASTM Interna- 
tional standard specifications, such as A 775/A 775M-96 (Ref 5.89). 

Examples of corrosion of reinforcement steel bar that caused destruc- 
tion in concrete structures include (Ref 5.90): 


e Parking ramps/bridge decks: Many concrete parking ramps and bridge 
decks constructed as recently as 5 to 10 years ago are deteriorating to 
the point where major repair or replacement is already necessary. The 
problem results in millions of dollars’ worth of damage each year. 
New construction would consume large quantities of cement. 

e Navy piers: The most common form of deterioration of marine con- 
crete construction is the corrosion of reinforcement steel bars. The cost 
of repair of a single pier is more than $1 million. The life of a U.S. 
Navy pier is approximately 50 years. The cycle for major repair varies 
from 7 to 10 years. The number of repairs in each life cycle varies 
from four to six times, costing more than $4.0 to $6.0 million. To im- 
prove the life cycle of piers, the life of the reinforced steel bar must be 
extended through polymeric and dual coatings. New piers are designed 
to use coated reinforced bars. Repair work must be carried out with 
coated reinforcing bars to minimize the frequency of repair. A dual 
coating of an initial layer with zinc followed by an FBE provides a 
secured life against corrosion. The impervious polymeric coating acts 
as a corrosion barrier, while the zinc provides active resistance to cor- 
rosion in case of holidays in the polymeric coating. 

e Highways/bridges: The Federal Highway Agency in their 1999 re- 
port indicates that “the cost of repairing and replacing deteriorated 
structures estimated to be more than $20 billion has become a major 
liability for highway agencies.” The life cycle of reinforced concrete 
structures in highways can be increased several times by using FBE. 
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e Modern high-rise buildings and sea breezes: A significant amount of 
reinforced concrete is used in modern high-rise buildings, and the steel 
in concrete may invite salty air through holidays in the concrete. Salty 
breezes have the ability to eat away quite a bit of steel, causing damage 
to the structure. 

e Metro/monorail corridors in coastal regions: Rebar used in the con- 
tinuous concrete structure running for miles as metropolitan railroad 
corridors must be protected against marine corrosion. Fusion-bonded 
epoxy has provided excellent protection in wet environments, as evi- 
denced by field studies at the Middle Eastern sabkha. Here, FBE- 
coated rebar has shown an improvement in service life of the concrete 
structure from 20 years (in uncoated bar) to 35 to 45 years (Ref 5.91). 


The extended life of large concrete or cemented structures, such as bridges, 
highways, and buildings, leads to huge savings in materials (cement, steel) 
and energy. 


Steel Industries 


The steel industry is one of the highest GHG emitters in the manufac- 
turing sector, generating 4% of the global carbon dioxide emissions yearly. 
The steel industry in North America, Western Europe, and Japan has 
reduced energy consumption per unit of production by 49% in the last 
25 years (Ref 5.92). 

The steel industry now accounts for 3 to 4% of global man-made GHG 
emissions. Over 90% of steel industry emissions come from iron produc- 
tion in nine countries or regions: Brazil, China, European Union, India, 
Japan, Korea, Russia, Ukraine, and the United States (Ref 5.4). 

The iron and steel industry is energy-intensive; consequently, many of 
the options available to reduce GHG emissions involve improved energy 
efficiency. Current energy consumption is approximately 19 million Btu/ 
ton of steel (MMBtu/ton) (22.1 GJ/tonne) for integrated mills and 
5.0 MMBtu/ton (5.8 GJ/tonne) for electric arc furnaces (EAF's). The 
Department of Energy estimates that a reduction of 5.1 MMBtu/ton 
(5.9 GJ/tonne) (27%) is possible for integrated mills (one-half from exist- 
ing technologies and one-half from research and development). A reduc- 
tion of 2.7 MMBtu/ton (3.1 GJ/tonne) (53%) is possible for EAFs 
(two-thirds from existing technologies) (Ref 5.93). 

Welding Applications. Weld surfacing plays a major part in both OEM 
and rebuilding worn areas with wear-resistant materials in iron and steel 
making and shaping. In iron making, welding applications include sinter 
breaker, sinter fan blade, and blast furnace bells. The life-cycle improve- 
ment data of these components by surface engineering are indicated in 
Table 5.13. In steel making and shaping, weld cladding applications in- 
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clude concast molds and rolls, bar forging hammers, and shear blades. The 
applications, wear modes, application temperatures, and weld overlay al- 
loys used are shown in Table 5.14. 

Bar forging hammers (Ref 5.94, 5.95) are used to form bars by repeated 
impacts of hot steel billets. The billets can be of carbon steel, stainless 
steel, or a powder compact of high-speed tool steel. 

Bar forging hammers are made of die steel (0.56C-1.1Cr-0.5Mo-1.7Ni- 
0.1V) over which weld overlays of Inconel, Hastelloy, and Nimonics are 
deposited as follows (Ref 5.94, 5.95): 


° A buffer layer of Inconel 600 (Ni-15.5Cr-8Fe) is deposited between 
the base metal and the intermediate layer of Hastelloy C276 (Ni- 
0.04C-16Cr-16Mo-4W-2.5Co) to take care of the differences in ther- 
mal expansion characteristics. Also, most of the thickness is built up 
by Inconel 600. 

° A layer of Hastelloy C276 is deposited between the Nimonic top layer 
and the Inconel base layer to take care of the dilution effect. 

e The top layer of Nimonic alloy (18.73Cr-12Co-5.8Mo-1.0W-1.7AI- 
2.86Ti, balance Ni) weld overlays is made by the gas tungsten arc 
welding (GTAW) process (Ref 5.94). The Nimonic-type alloys are ca- 
pable of retaining high strength near the hammer operating tempera- 
tures (~1000 °C, or 1830 °F) due to the presence of the gamma prime 
phase (nickel aluminide). The yield strength of the gamma prime phase 
increases with an increase in temperature up to 850 °C (1560 °F). To 
prevent the loss of aluminum and titanium in the electrode during 
welding arc transfer, the GTAW process is used. In GTAW, the Ni- 
monic rod is melted onto the base metal by the heat from the arc 
plasma between the inert tungsten electrode and the base metal. An 
alternative process for deposition of Nimonic alloy is the use of the 
advanced plasma-transferred arc process, with powder alloys as the 
consumable (Ref 5.95). 


The improvement in life with weld overlays is approximately 700 times 
compared to that of base die steel (Ref 5.95). 

Forging dies for high-alloy and stainless steels made from die steel are 
coated with a top layer or a working surface with Nimonic or, in some 
cases, maraging steel to improve the working life several fold. 


Table 5.14 Selected steel plant components and high-temperature wear-resistant 
coatings 


Application Wear modes Application temperature Weld overlay alloy 
Bar forging hammer Adhesive/impact Hot steel (1000 °C, or 1830 °F) Nimonic weld on H11 
Forging die Adhesive/impact Hot steel (1000 °C, or 1830 °F) = Maraging steel weld 
Hot shear blade Adhesive/impact Hot steel (1000 °C, or 1830 °F) — Hastelloy weld 
Continuous casting roller Adhesive/corrosion Molten steel AISI 410 steel weld 


Sinter fan blades overlay Erosion Hot sinter particles High-chromium iron weld 
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Hot Shear Blades (Ref 5.13). The hardness of shearing blades made 
from HSS falls sharply beyond 600 °C (1110 °F). Thus, HSS cold shear- 
ing blades do not perform well in hot shearing of steel billets. However, 
superalloys such as Hastelloy C276 and Stellite 21 retain high hardness at 
high hot shearing temperatures (Ref 5.13). The life of hot shear blades can 
be vastly improved by weld deposits of Hastelloy 276. 

Continuous Casting Rolls. A major energy-saving step in steelmaking 
is the introduction of a continuous casting process for making slabs, 
blooms, billets, and rods directly from molten steel, thus replacing some 
of the large energy-consuming devices as follows: 


° Ingot molds for casting ingots 

* Pouring, cooling, and stripping of the ingot 

e Cropping, descaling, and reheating the ingot before hot rolling 
e Hot rolling ingot into slab for further processing 


In a continuous casting process, molten metal is poured into a bottom- 
less mold, where skin formation occurs before it is drawn through a series 
of caster rolls to form slab, bloom, billet, or rod. The enabling technology 
involves the use of weld surfacing of rolls to withstand an extreme wear 
environment for shaping molten steel into usable form. The top rolls are 
smaller and exposed to very high temperatures with less mechanical load 
by supporting the skins with molten metal inside. Down the line, rolls are 
of larger diameters and must form the progressively solidified ingot into 
slabs. The rolls are subjected to thermal fatigue and stress-corrosion crack- 
ing due to the following factors: 


e Cyclic loading due to passage of the slab 

° Thermal stresses due to heating and cooling of the hot slab and im- 
pingement by spray-cooling jets, respectively 

e Hot corrosion due to reaction with ionized hydrogen and halogen from 
the slag 


Pits and crevices are formed on the surface, which are known as fire- 
cracking or fire-checking. 

Rolls, 152 to 457 mm (6 to 18 in.) in diameter of approximately 120 
numbers/set, are made from DIN 21CrMoV5-11 (0.22C-0.4Si-0.4Mn- 
1.4Cr-1.1Mo-0.3V). Rolls are weld surfaced by ferritic stainless steel, 
such as AISI 410, 420, or 414, before putting them into operation. Worn 
rolls are resurfaced at regular intervals. Weld surfacing is carried out by 
the submerged arc welding process, using consumable electrodes in the 
form of strip plus flux or flux-cored wire. Resurfaced rolls produce 1 to 
2 million tons of steel during their life span of 6 months to 1 year. 

Hellen et al. (Ref 5.96) studied the properties pertaining to concast roll 
applications of weld overlays from 13 promising iron-nickel- and cobalt- 
base alloys, including the normally used ferritic stainless steel. They used 
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the advanced plasma-transferred arc (PTA) welding process, with powder 
alloys as consumables. To further improve the service life of concast rolls, 
they recommended the use of high-chromium iron (Fe-2.4C-24Cr-11.3Ni- 
1.2Si-0.6Mo) or Stellite (Co-1.7Cr-22.7Ni-25.6Cr-12.3W-1.3Si) as PTA 
weld overlays. 

Continuous Casting Copper Mold (Ref 5.97, 5.98). The continuous 
casting mold is made of water-cooled copper plates. Molten steel in con- 
tact with the mold forms the solidified shell, which is continuously with- 
drawn by the concast rolls. The mold is subjected to thermal and sliding 
wear by the moving hot shell. 

The wear-resistant coatings that are normally used include nickel and 
chrome plating and a thermal-sprayed coating of nickel-base self-fluxing 
alloy. The nickel-base self-fluxing coating can last at least five times as 
long as the nickel plating (Ref 5.97). A new thermal spray coating consist- 
ing of nickel-base self-fluxing alloy reinforced by a dispersion of chro- 
mium carbide particulates has been developed and is now being used (Ref 
5.98). A new water-based slurry coating containing submicrometer-sized 
particles of chromium-, silicon-, and aluminum-base compounds with re- 
inforced particles of hard boron carbide and silicon carbide has also been 
developed. The slurry coating is applied by spraying or dipping to a thick- 
ness of 5 to 250 um. After drying, the coating is heated to process tem- 
perature before use. The result is that the coating has higher hardness, 
corrosion resistance, and frictional properties compared to earlier hard 
surfacing materials. Five plants in the United Kingdom and one each in 
the United States and Canada are using this composite and have found 
substantial life improvement of the coated mold in comparison to the ear- 
lier hard chrome plating (Ref 5.98). 

The expansion of thermal spray applications in steel industries over 
a 5 year period has resulted in an increase in the surface area covered by 
more than double (Table 5.15) (Ref 5.99). In addition to processes used 
earlier (plasma spraying, PTA, flame spraying, detonation gun, hot iso- 
static pressing), the induction of HVOF, CVD, and PVD in 1990 led to the 
enhancement of equipment functionality and life-cycle extension. Exam- 
ples include the following. 

Light merchant mill conveyor rolls (Ref 5.100) are required to carry hot 
steel strips. The hollow mild-steel rolls are coated with a NiCrBSiC self- 
fluxing alloy of 40 to 45 HRC hardness. An automated two-stage process 
of spraying followed by fusing of the deposit has been used. Burners are 
placed across the length of the roll to maintain a high surface temperature, 
which reduces the dwell time of the fusion torch and thus improves 
productivity. 

Roll Cavity-Forming Process (Ref 5.21). A spray-fused layer of self- 
fluxing wear-resistant material is used to build up the required thickness 
of a worn or new (oversized) forming roll cavity. A steel die of the re- 
quired cavity shape is mounted on the tool post of the lathe. The die is 
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Table 5.15 Expansion of thermal spray applications and coverage 


Thermal spray area Thermal spray area 


Application in 1990, m? in 1995, m? Coating materials Life 
Hearth rolls 

SiO,-ZrO, and MCrAlY 1.5-3 years 

a3 18A CoCrAlY + Y,0;, + CrB, 6 years 

Process rolls 
Forming rolls 90 456 NiCrBSIC self-fluxing alloy 
Sink rolls and support rolls 

Co-base self-fluxing alloy Low service life 

27 35 WC-Co Good service life 

LMM rolls(a) NiCrBSiC self-fluxing alloy Excellent service life 
Other applications 
Concast molds NiCrBSiC + Cr,C, Good service life 
Boiler tubes Cr,C, + 25%NiCr More than 6 years 
Fans 
Chutes 94 183 
Total 644 1458 


(a) LMM, light merchant mill. Source: Ref 5.99 


pressed onto the semisolid layer of spray-fused deposit on the rotating 
roll, resulting in the formation of a die cavity of the required dimensions. 
The spray-fused layer of NiCrBSiC self-fluxing alloy leads to substantial 
improvement in the performance of forming rolls in steel plants. The high- 
hardness (45 to 50 HRC) self-fluxing nickel alloy deposit has excellent 
wear and corrosion resistance at the temperature of use. 

Continuous Annealing Processing Line Rolls. In vertical-type continu- 
ous annealing furnaces used in a cold rolling plant, the rolled steel strip is 
carried into the furnace by hearth rolls arranged at top and bottom. The 
furnace atmosphere is reduced, and the temperature is 900 °C (1650 °F). 
Iron oxide and reduced powder from the strip accumulate on the roll sur- 
face and can cause dents on the strip surface. The earlier practice of coat- 
ing the rolls by thermal spraying with a mixture of SiO, plus ZrO, led to 
a service life of 1.5 years. This was replaced by CoCrAlY and AL,O, pow- 
der spray coating. The coating life of this combination extended to 3 years. 
A new coating combination of CoCrAlY + Y,O0,+ CrB, on the hearth rolls 
increases coating life more than 6 years (Ref 5.99). 

Continuous Galvanizing Line Sink Rolls. A continuous hot dip galva- 
nizing line has sink rolls arranged in a molten zinc pot at 460 to 500 °C 
(860 to 930 °F). To protect the surface against wear by hot molten zinc, 
the roll surface is normally coated by thermally sprayed (HVOF) WC-Co 
cermet powders. The sprayed rolls are preheated before being immersed 
in the hot zinc bath. In high-energy spray processes, it was found that dis- 
sociated tungsten and carbon react with cobalt, and the molten product on 
deposition solidifies as an amorphous material. A postcoating heat treat- 
ment (860 °C, or 1580 °F) in an inert atmosphere causes recrystallization 
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of the amorphous product into eta-carbides (Co,W,C and Co,W,C) with 
vastly improved wear properties (Ref 5.101). 

Sinter Fan Blades (Ref 5.102). High-temperature erosion by sintered 
particles leads to heavy wear of sinter fan blades. A coating of a mixture 
of self-fluxing NiCrBSiC alloy and WC (50 to 60%) reduces the wear rate 
considerably. The hardness of the coating is 62 HRC. 

Sinter-breaker arms are subjected to heavy wear by hot sintered prod- 
ucts containing silica. Top-head angular corners in the three arms carry 
out the breaking operation. The angular portion plus part of the supporting 
body must be coated with wear-resistant materials. Weld surfacing by 
high-chromium iron containing a niobium alloy reduces wear of sinter- 
breaking arms. 


Paper and Pulp Industry 


In 2011, manufacturing accounted for more than 1⁄4 of U.S. greenhouse 
gas emissions, and the paper and pulp industry made up 11% of manufac- 
turing energy use (Ref 5.32). Paper and pulp mills are responsible for ap- 
proximately 3.0% of global GHG emissions. 

Few industrial plants can match the diversity of severely corrosive en- 
vironments found in the typical pulp and paper mill. Pulp and paper mills 
routinely face corrosive environments ranging from hot alkaline sulfide 
cooking liquors to acidic, highly oxidizing bleaching solutions. Molten 
salts attack waterwall tubes in chemical-recovery boilers, and condensates 
from flue gases attack electrostatic precipitator internals. Paper machine 
components are affected by localized corrosion, fatigue, and corrosion 
under biological deposits. Erosion-corrosion affects the lifetime of wood- 
yard equipment, refiner plates, and equipment for handling abrasive lime 
mud slurries. Indeed, pulp and paper mills are routinely challenged by 
virtually every known type of corrosion-related damage. 

The annual cost of corrosion in the pulp and paper industry has been 
estimated at several hundred million dollars, not including the high cost of 
lost production due to corrosion-related downtime. In 1974, Davy and 
Mueller (Ref 5.103) estimated that each ton of bleach kraft paper product 
produced in North America incurred a $5 cost attributed to corrosion- 
control expenditures. A large mill producing 1000 tons/day spends $5000/ 
day to accommodate corrosion-related damage, corresponding to more 
than $1.5 million/year. In 1984, more than 75 million tons of pulp-related 
products were produced (Ref 5.104), and, at $5/ton, the industry faced a 
staggering cost burden approaching $0.5 billion. Moreover, lost produc- 
tion caused by corrosion-related downtime on critical equipment can eas- 
ily amount to $500,000/day. 

Holmberg et al. (Ref 5.105) indicated that the global electrical energy 
consumption of 8225 paper machines is 1,193,500 TJ, or an average 


298 / Green Tribology, Green Surface Engineering, and Global Warming 


140 TJ per machine in a year. Thirty two percent of the total (381,000 TJ) 
is consumed to overcome friction by components of various machinery 
used in the paper industry, such as motors, transmissions, pumps, blowers, 
agitators, pipes, and roll systems. 

With advanced surface-modification technologies, friction loss can 
be reduced by 11% in approximately 10 years, and by 23.6% in 20 to 
25 years. By minimizing friction in paper mills, it is possible to save elec- 
tricity across the globe by 36,000 and 78,000 GWh, respectively. The cor- 
responding CO, emission reduction figures are 10.6 and 22.7 million tons, 
respectively. 

The wear in rolls (e.g., forming, breast, wire, suction, felt, etc.) and 
cylinders (for coating, drying, creeping, and cooling) used in paper and 
pulp industries is mainly due to heat, corrosion, adhesion, and abrasion. In 
the pulp industry, wear in black-liquor-recovery boilers is due to corrosion 
and erosion. 

Machine-Glazed Cylinders. The most widely studied application in 
this area is the wear control of the drying cylinder, called a machine- 
glazed (MG) cylinder (or Yankee dryer), through the development of a 
suitable thermally sprayed coating (Ref 5.106). 

The MG cylinders are large (10 to 20 ft diameter and 22 ft maximum 
length) cast iron steam-heated cylinders used for drying the wet paper, 
especially tissue paper. The cylinder rotates at speeds up to 100 rpm and 
produces dried paper at rates of 6000 ft/min maximum. In operation, wet 
tissue is delivered to the dryer on a felt web running over a pressure roll 
or rolls and remains on the dryer surface until it is removed by a scraping 
doctor blade at the other end. The cylinder surface is subjected to adhesive 
wear due to the doctor blade, the abrasive action of the paper and felt, and 
the corrosive action of the liquid (3.5 to 8.5 pH). 

The list of successful coating materials on MG cylinders includes: 


° Flame-sprayed NiCrBSi alloy of 40 HRC hardness 
e Arc-sprayed AISI 420 of 35 HRC hardness 
° Plasma-sprayed Mo-NiCr materials of 45 HRC hardness 


The Mo-NiCr coating showed a superior heat-transfer rate, better sheet 
adhesion and release, longer doctor blade life, and increased wear resis- 
tance. 

Black-Liquor-Recovery Boiler. The recovery boiler functions as a 
chemical reactor. The organic part of the fuel, or the black liquor, is burned 
and the inorganic part is reduced to sodium sulfide. The boiler is divided 
in two parts: the upper part with complete combustion and oxidizing 
conditions, and the lower part with oxygen-deficient reducing conditions. 
Waterwall tubes, superheated tubes, and other parts of the black-liquor- 
recovery boiler are subjected to corrosive attack by sulfur compounds in 
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the flue gas. The sulfidity of the fuel and the operating pressure of the 
boiler affect the corrosion rates. Sulfur from the flue reacts with iron to 
form iron sulfide. The corrosion rate increases when excess air is intro- 
duced into the boiler. The formation of sulfur dioxide increases the corro- 
sion rate. The corrosion rate also increases rapidly at temperatures above 
300 °C (570 °F). The area in contact with the molten melt is subjected to 
rapid corrosive attack. 

The high-aluminum-containing Fe-22Cr-6A1 coating material (Ref 5.107) 
resists corrosion due to sulfur and has a thermal expansion coefficient 
of 12 x 10°°°C"' in the temperature range of 20 (room temperature) to 
600 °C, compared to 12.5 x 10° °C"! for steel tube material. The almost 
identical thermal expansion characteristics prevent spalling or crack 
formation due to differential thermal expansion. The high-aluminum- 
containing alloy is self-bonding, and thus, no bond coat is required. The 
bond strength of the arc-sprayed coating is 50 MPa (7100 psi), and the 
hardness of the coating is 230 VPN. A flame-sprayed, dense, low-porosity 
top coat of Fe-22Cr-6A] (Kanthal M type) on an arc-sprayed deposit of 
the same material exhibits superior corrosion resistance. The coating 
thickness is limited to approximately 0.3 to 0.5 mm. 


Applications, Energy Savings, and Reduction in 
Anthropogenic Emissions 


By limiting tribological losses in major applications, it is possible to 
reduce anthropogenic emissions by more than 10% of the total emissions. 
The savings in CO, emissions due to reduction in tribological energy 
losses for selected major applications in industries is tabulated in Table 
5.16. The available data on the application-based reduction of energy loss 
in tribological processes are converted to CO, emissions by using appro- 
priate conversion guidelines. The clean power generated in hydroelectric 
and wind-powered plants is considered as savings in equivalent CO, emis- 
sions if produced in a coal-based power plant. In the case of the paper 
industry, only long-term data are added to the total. The sum total of major 
application-based savings in emissions is 2.085 billion metric tons of CO,. 
The projected emissions savings of 2.080 to 3.467 billion in 2010 is based 
on published 1978 data. The reduction of 10% global emissions in 2010 
corresponds to 3.3 billion tons (Table 5.16). There is a striking similarity 
among emission-savings results obtained through three different routes. 
The results confirm the assumption that the anthropogenic emissions re- 
duction by limiting tribological losses is, on average, not less than 10% of 
the total global emissions. 

The emission reductions in Table 5.16 indicate only a part of the emis- 
sion savings. The actual savings in anthropogenic gas emissions is much 
higher due to: 
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Table 5.16 Selected applications, energy savings, and reduction in anthropogenic 


emissions 
Applications Energy efficiency/savings CO, reduction, metric tons 
Superthermal (2004) 20-23% more efficient than subcritical, saving 759 g CO,/ 22.77 x 10+ 
kWh for 300 GW capacity 
Hydroelectric (2010) Capacity of 3427 TWh of green energy. Savings in CO, for 3.33 x 10° 
equivalent fossil-fuel-generated electricity at 2.14 Ib/kWh 
Wind power (2008) Capacity of 121 GW of clean energy. Equivalent CO, from 118.6 x 103 
fossil fuel at 2.14 Ib/kWh 
Road transport (2012) Friction loss of 3.63 x 10!? MJ. 10% reduction saves 3.5 x 10!! 23.10 x 108 
gal gasoline 
Air transport (2008) Thermal barrier coatings in jet engines save 2 million gal fuel 19.25 x 103 
and CO, (3.15 tons CO,/ton of burned fuel) 
Machine tools Reduction of 2.5% electric power in cutting due to reduced 2 x 10° (United States) 
friction saves CO, emissions (2007) 
Coating reduces 9% of friction loss, 1.8 x 10!* Btu (1997) 513 x 10° 
Coating reduces 71% of wear energy loss, 5.5 x 10! Btu 1567 x 10° 
(1997) 
Mining (1999) 10% savings in energy loss of 1.5 x 10° kWh 1.46 x 10° 
Paper (2013) 11% savings in friction, 36,000 GWh (short term) 10.6 x 10° 
23.6% savings in friction, 78,000 GWh (long term) 22.7 x 10° 
Total 2.085 x 107 
Estimated value (2010) 2.080 to 3.467 x 10” 
Global emissions (2010), 10% 3.3 x 102 


e The emissions reduction of 2.085 billion tons includes only some of 
the major emitting industries and a limited number of critical applica- 
tions. 

e Most of the available data are not from current applications using in- 
novative, energy-efficient technologies. 

° Energy-loss data are on either wear or friction (they do not cover both 
wear and friction). 

° There are no data on emission savings due to life-cycle extension. 


Summary 


Energy efficiency and conservation of energy in industries are key in- 
struments to reduce GHG emissions and thus the rate of average increase 
in the global temperature. Industrial emissions are the prime source of 
anthropogenic GHGs. The major emitting industrial sectors include ther- 
mal power generation, transportation, manufacturing, and construction. 
Hence, the enhancement of energy efficiency in relevant sectors is an 
important aspect of the mission to reduce global warming. Tribological 
interactions among various machine components in running equipment 
adversely affect the process and energy efficiency. Application-oriented 
tribological studies of components in different industrial sectors provide 
the surface-engineering solutions to improve energy efficiency. 

Estimated Loss in Energy. The most conservative figures correspond 
to an astounding loss of over 4 quadrillion Btu, or 4 x 10 Btu (1978 fig- 
ure), each year in the United States. 

The calculated anthropogenic CO, equivalent emissions due to 4 qua- 
drillion Btu energy by wear and friction equal 0.808 billion metric tons in 
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1978. Anthropogenic emissions due to energy loss by material degrada- 
tion in 2010 (increase of 3 to 5% per year) are 2.080 to 3.467 billion met- 
ric tons. The estimated indirect emissions due to wear and friction correspond 
to 6.3 to 10.5% of total global emissions at 33 billion tons in 2010. 

Globally, the three major emitting sectors include power (40%), manu- 
facturing industries (28%), and transportation (21%), accounting for 89% 
of GHG emissions. 

Globally, 86% of electrical energy is generated by the use of fossil fuel, 
resulting in 40% GHG emissions. The major part of this electrical energy 
forms the input for running the equipment and machinery. Therefore, en- 
ergy efficiency in industries is a major factor for emissions reduction. 

The energy efficiency in major emitting sectors through wear control of 
critical components is discussed in this chapter. 

Thermal and New Superthermal Power Plants. Although they are 
the worst emitters of carbon dioxide, the conventional coal-based power 
plants with a life span of over 50 years are here to stay. The conversion 
efficiency can be improved by reducing energy loss by wear and friction 
of various components through appropriate surface modifications. The re- 
duction in wear of critical components in three major sections—coal- 
handling plant, boiler, and generator—by appropriate surfacing can lead 
to improvements in the energy efficiency of the thermal power plant. 

The new ultrasupercritical boilers operate beyond supercritical pressure 
and can result in an improvement in efficiency to 55% and more, com- 
pared to that of 27% for a conventional subcritical boiler. The emissions 
figure can be reduced to 500 g/kW from an emissions figure of 1259 g 
CO,/kWh in conventional subcritical units. In 2004, the total capacity of 
supercritical and ultrasupercritical plants was approximately 300 GW. 
This led to a reduction of CO, emission by 22.77 x 10* metric tons. 

The high temperature and pressure in supercritical power plants re- 
quires advanced materials and coatings to resist severe wear and corrosion 
at high temperatures. 

Hydroelectric is the most widely used form of renewable energy, ac- 
counting for 16% of global electricity consumption and 3427 TWh of 
electricity production in 2010. Every kilowatt of electricity generated by 
hydropower leads to a corresponding reduction of carbon dioxide if pro- 
duced by thermal. The generation of 3427 TW of electricity by hydroelec- 
tric plants saves 3.33 x 10° metric tons CO, emission if fossil fuel is used 
for generation of the same quantity. 

High-silt erosion of turbines has considerably reduced the power- 
generation capacities of hydroelectric plants in the Himalayan region. 
Efforts are being made to find an appropriate surfacing material for the 
wear-prone components. The list of components include guide vanes, runners, 
labyrinths (moving and static), and stainless steel rings of bearing bodies. 

Wind Turbines. Wind power is based on a renewable and sustainable 
resource and produces no GHGs during operation. According to the U.S. 
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Energy Information Administration, wind power has been the fastest- 
growing source of new electric power generation for several years. 

The U.S. Department of Energy’s goal is to supply 20% of the nation’s 
electricity with clean, renewable wind energy by 2030. Global wind- 
power plants have a capacity of 121 GW. The clean energy of 121 GW 
would save approximately 118.6 x 10° tons of carbon dioxide emission 
from fossil-fuel-powered plants. The enabling technology for efficient 
running of wind-power turbines in severe wear environments is provided 
by surface engineering of wear-prone components. 

The estimated life of wind turbines is approximately 20 years. How- 
ever, a low gearbox life of 5 years limits electricity generation. Physical 
vapor deposition and newer ultrafast boriding processes are used to im- 
prove gearbox life. 

Solar thermal power plants can provide almost all the energy require- 
ments. There has been considerable growth in using this renewable green 
source of electricity generation, particularly in arid areas. The incorpora- 
tion of an energy-storage system has led to the possibility of continuous 
electricity generation. Sensible heat-storage systems utilizing molten salt 
mixtures are normally used in solar thermal power plants. Development of 
coating materials with low corrosion in these media has resulted in im- 
proved life span of the storage containers. 

A new process for nanocoating, known as HVLAD, has been used to 
prevent corrosion and wear in the extreme environments that exist in high- 
efficiency power-generation plants. 

Transportation is the largest end-use sector emitting CO,, the most 
prevalent GHG. In the United States, the transportation sector consumed 
28.8 quadrillion Btu and emitted 1855 million tons of CO, in 2008. Road 
transport in the United States accounts for 83% of CO, emissions, and 
aviation accounts for 8% of CO, emissions. 

There are 612 million cars in the world today (2014). The average car 
travels 13,000 km/year and burns 340 L of fuel just to overcome friction, 
costing the driver 510 Euros/year. 

Automotive. Automobiles or personal motor vehicles, including light 
trucks such as pickups, sport utility vehicles, and vans as well as sedans 
and wagons, emit roughly 10 to 13.5% of global CO, emissions. The rest, 
6 to 9.44% emissions, are due to heavy vehicles. 

Annual friction loss in an average car worldwide amounts to 11,860 MJ 
(11,231 x 10? Btu); of this, 35% is spent in overcoming rolling resistance 
in the wheels, 35% in the engine itself, 15% in the gearbox, and 15% in 
braking. The frictional loss in the three major groups of engine compo- 
nents, this is, the piston, valve train, and crankshaft, is 4151 MJ (3931 x 
10° Btu) per year for an average car. 

The calculated 10% savings per year in frictional loss from engines and 
gears for 612 million cars in the world is 3.629160 x 10!? MJ, and the cor- 
responding emission reduction is 23.10 x 10° metric tons of CO,,. 
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Rail transport emits 37 million tons of CO, per annum and accounts 
for only 2% of total CO, emissions. Railroad wear is of major concern. 
Frogs or crossings are resurfaced with wear-resistant alloys during routine 
maintenance. 

Railroads in the United States spend approximately $2.5 billion/year on 
rail replacement and repairs, making rail the most valuable asset for the 
railroad industry in North America. 

Aviation. Air transport in the United States accounts for 12% of the 
total GHGs in the transportation sector, making it the second-largest area, 
after automobiles, in terms of GHG emissions in transportation. 

The coatings in gas turbine components serve various purposes. The 
combustion temperature of the gas entering into the turbine (TET) in mod- 
ern jets is approximately 1800 K (1530 °C, or 2780 °F). High TET leads 
to higher power and improvement in specific fuel consumption. The 
turbine material must withstand a temperature of 1200 °C for a TET of 
1530 °C. This is possible by using a TBC of stabilized zirconia. 

An increase in 20 °C (36 °F) in TET leads to approximately 0.5% im- 
provement in fuel efficiency. With an annual consumption of 1,898,000 
barrels, the fuel savings in TBC-coated turbines amounts to 47,450 barrels 
(2.5% of consumption) or 1,992,900 U.S. gallons (approximately 2 mil- 
lion U.S. gallons in 2008). 

Machine Tools. In 1997, the tribological energy loss in the metalwork- 
ing industry was 27.9 x 10” Btu, of which frictional loss accounted for 
20.2 x 10! Btu and wear loss was equal to 7.7 x 10” Btu. The calculated 
CO, emissions due to friction and wear are 5.7 and 2.19 x 101? metric tons, 
respectively. Advanced surface-engineering processes can reduce frictional 
loss by 9%, that is, 1.8 x 10!? Btu, and wear loss by 71%, or 5.5 x 10 !* Btu, 
per year. The calculated reduction in emission of CO, due to improved fric- 
tion and wear is 513 and 1567 x 10° metric tons, respectively. 

A 10% improvement in performance in the mining industry’s drilling, 
coring, boring, and grinding equipment would result in a direct savings of 
$100 million/year. A more efficient grinding tool that enables a 25% in- 
crease in speed would lower energy demands by 100 billion Btu. A 2.5% 
reduction in electric power consumed for cutting operations industry-wide 
would result in a reduction of CO, emissions in the United States by 2 x 
10° metric tons. 

Advanced surface-engineering techniques, such as PVD coatings, have 
minimized tooling wear by extending the tool life several times that of 
uncoated tools. Productivity has increased several fold, thus reducing the 
energy requirements per unit production. In 2006, globally 50% of HSS 
cutting tools, 85% of carbides, and 40% of superhard tools were coated by 
a PVD or CVD process. The superhard and extremely low-friction tools 
for the future include nanocoatings of DLC, graphite-like carbon, cubic 
boron nitride, and AIMgB,,-TiB, on hard substrates, such as tungsten car- 
bide, or with an intermediate layer of hard carbide or nitride. 
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Improvements in tool life to the extent of 100 to 400% are obtained by 
PVD coatings of TiC, TiN, and TiAIN. The cutting speed of Stellite tools 
coated with TiC, TiN, and Ti(C,N) can be increased 2 times more than 
uncoated tools, while with TiAIN coating, the speed can be tripled without 
producing major wear marks. 

Superhard diamond coatings further reduce the wear of machine tools. 
Additional benefits include a very low friction coefficient (0.1 to 0.05), 
making the tool surface self-lubricating. 

Modern multilayer PVD coatings for high-performance tools permit 
dry machining without decreasing the productivity, thus eliminating the 
coolants and associated lubricating oil. 

Mineral-Processing Industry. Abrasion with minerals and gangue has 
been the predominant type of wear in mineral-processing equipment. 
Mineral processing involves extraction or quarrying (equipment includes 
buckets, dredgers, shovels, and draglines), seizing of ores (equipment in- 
cludes crushers and grinders), and transportation of ores (equipment in- 
cludes screws, belts, fan conveyors, and pumps). The main wear-resistant 
overlay process used is welding. The coating materials include high- 
chromium white iron (abrasive wear resistant), Hadfield manganese steel 
(for tough coating), and tungsten carbide composites (for extreme wear). 

United States citizens rely on 21,000 kg (46,000 Ib) of mined materials, 
including 3400 kg (7500 Ib) of coal energy per year. The ore size-reduction 
processes, such as crushing and grinding, account for more than half of 
the hard-rock-processing energy costs. The estimated consumption of 
electrical energy for size-reduction processes in mining is 29 billion kWh/ 
year. The estimated energy losses directly through friction and indirectly 
through wear in the mining and mineral-processing industries are equiva- 
lent to 15 x 10° kWh, accounting for half of the nation’s wear losses in the 
industrial sector. With a 10% savings in wear and friction loss, the corre- 
sponding reduction in CO, emission is 1.46 x 10° tons. 

To improve efficiency and productivity, the equipment must withstand 
a more severe wear envelope. For example, abrasive slurry pumps were 
typically operated at a maximum of 4 to 2 of their rated speed to mitigate 
wear; differential pumping pressures in abrasive applications were limited 
to roughly 60% of nonabrasive levels, limiting throughput and decreasing 
the energy efficiency of the pumps. A 30% market in abrasive pump wear 
components was projected to result in a total energy savings of 5 TBtu/ 
year. The total possible energy savings by minimizing abrasive wear 
equals 16.5 TBtu/year. 

Cement Industry. It is estimated by cement industries that approxi- 
mately 5% of the world’s CO, emissions are due to cement, which is 
double the emission figure for the aviation industry. The life cycles of 
key components can be increased 4 to 5 fold with appropriate surface- 
engineering technologies. 
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In cement industries, intense tribological interactions lead to wear and 
energy loss at various operational points, such as in winning raw materials 
(wear affects the performance of the drill bits, digger teeth, hammer mills, 
ball mills, and conveying equipment), burning material (wear of the burner 
nozzles, handling appliances, and coal mill discharge points), and grind- 
ing clinker (wear occurs in the ball mill, discharge chutes, cyclones, and 
fans). 

Improvement in life cycles by wear surfacing of cement plant compo- 
nents is 3 to 5 fold compared to that of uncoated surfaces. 

The calcination process produces almost 0.5 ton of CO, per ton of ce- 
ment produced. There is no way to reduce the emissions due to calcina- 
tion. The only alternative is to reduce cement production through limiting 
consumption. The FBE-coated rebar can increase the service life of a con- 
crete structure from 20 years (in uncoated bar) to 35 to 45 years. 

The steel industry in North America, Western Europe, and Japan has 
reduced energy consumption per unit of production by 49% in the last 
25 years, according to an International Iron and Steel Institute statement. 
The steel industry now accounts for 3 to 4% of global man-made GHG 
emissions. 

Current energy consumption is approximately 19 million Btu/ton of 
steel (MMBtu/ton) (22.1 GJ/tonne) for integrated mills and 5.0 MMBtu/ 
ton (5.8 GJ/tonne) for EAFs. The Department of Energy estimates that a 
reduction of 5.1 MMBtu/ton (5.9 GJ/tonne) (27%) is possible for inte- 
grated mills (half from existing technologies and half from research and 
development). A reduction of 2.7 MMBtu/ton (3.1 GJ/tonne) (53%) is 
possible for EAFs (two-thirds from existing technologies). 

A major energy-saving step in steelmaking is the introduction of a con- 
tinuous casting process for making slabs, blooms, billets, and rods directly 
from molten steel, replacing some ingot casting and hot working. Surface 
engineering of concast molds and rolls has enabled the energy-saving con- 
tinuous casting technology. The weld-surfaced rolls produce 1 to 2 million 
tons of steel during their lifetime of 6 months to 1 year. 

Several other life-cycle improvement applications include surfacing of 
bar forging hammer (700 times compared to base material), light mer- 
chant mill rolls, continuous galvanizing line sink rolls, and continuous 
annealing processing line rolls. 

The paper and pulp industry generates approximately 3.0% of global 
GHG emissions. 

The plant routinely faces corrosive environments ranging from hot alka- 
line sulfide cooking liquors to acidic, highly oxidizing bleaching solutions. 
Molten salts attack waterwall tubes in chemical-recovery boilers, and con- 
densates from flue gases attack electrostatic precipitator internals. 

The annual cost of corrosion in the pulp and paper industry is estimated 
at several hundred million dollars, not including the high cost of lost pro- 
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duction due to corrosion-related downtime. A large mill producing 1000 
tons/day would spend $5000/day to accommodate corrosion-related dam- 
age and more than $1.5 million/year. 

Corrosive wear reduces the life span of components, thus causing loss 
in productivity accompanied by energy loss. The wear in rolls (e.g., form- 
ing, breast, wire, suction, felt, etc.) and cylinders (for coating, drying, 
creeping, and cooling) used in the paper and pulp industries is mainly due 
to heat, corrosion, adhesion, and abrasion. In the pulp industry, wear in 
black-liquor-recovery boilers is due to corrosion and erosion. 

The appropriate surface-engineering solutions for corrosive wear dam- 
age of major equipment, such as MG cylinders and black-liquor-recovery 
boilers, can substantially reduce energy loss. By minimizing friction in 
paper mills, it is possible to save global electricity of 36,000 GWh over 
10 years and 78,000 GWh over 20 to 25 years. The corresponding CO, 
emission-reduction figures are 10.6 and 22.7 million tons, respectively. 

By limiting tribological losses in major applications, it is possible to 
reduce anthropogenic emissions by more than 10% of the total emission. 
The total savings in emissions is 2.085 billion metric tons of CO,,. 


Conclusion 


It is possible to reduce wear and friction loss and improve life cycle 
through application-oriented surface-engineering solutions for tribologi- 
cal problems of engineering assets or components. The wear of a compo- 
nent depends on the interaction of its surface with the wear envelope and 
mating material. Each application has its own wear envelope based on the 
operating parameters (temperature, load, load vector, tension, compres- 
sion or impact, etc.), working environment (surrounding atmospheric con- 
ditions, such as humidity and chemicals), and mating material (solids, 
liquids, gases, chemicals) and thus requires a unique surface-engineering 
solution to minimize wear. 

An energy data analysis in major applications indicates that a reduction 
in GHG emission of 10% and beyond of average global emissions can 
occur by reducing tribological losses. Application-oriented studies on 
green tribology and surface engineering of critical components in major 
emitting industries have made substantial contributions toward improving 
energy efficiency and conserving nonrenewable resources over recent de- 
cades. Green tribology and green engineering are important tools to mini- 
mize global warming. 
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